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Engineering design decisions influence more than 70% of product
costs. Various computational analysis tools such as Finite Element Analysis
(FEA) are typically utilized, to achieve an effective design cycle. Literature
review in design process indicates a striking reality that about 75% of design
errors can be eliminated through analysis and about 20% of analyses are
misrepresented, leading to inadequate or faulty design. Also, analyses in
general, generate more information about the problem than is often looked
into, leading to a vast potential to study the knowledge creation.
This research bridges these gaps in design process through efficient
use of computer-based analysis tools. An iFEA framework was successfully
developed to proactively utilize predictive FEA analysis. This framework was
successfully validated in the product development process of thermoforming
headliners. Projects which utilized the proposed iFEA framework had an
average total development cost of only 20% of the cost of projects using

traditional methods. In order to achieve this result, the following aspects were
successfully developed:
A hot stretch test and an inverse engineering method were developed
to characterize a wide array of composite sheet material. This method yielded
very high quality stress-strain relationship for the material for use in forming
analysis. Correlation of more than 99% of with actual test data was achieved
in all 46 cases used to verify the robustness of this method.
A

predictive

FEA

was

developed

to

successfully

simulate

thermoforming headliners. The strain-based correlation between predicted
values from FEA and actual measurement showed a correlation of more than
90% in 19 out of 21 cases.
A virtual DOE method was successfully devised to aid explicit
knowledge codification for headliner thermoforming. The virtual DOE
method analyzed more than 350 combinations of 9 variables and yielded
more than 20,000 data points. From this database, knowledge rules were
derived for all the four categories of codification. Guidelines on best practice
use of iFEA framework for knowledge detection, assessment and transfer
were developed.
A pragmatic approach to the development of an iFEA framework was
illustrated, where the value of information provided by the iFEA and its
desired level of accuracy is deduced through a decision tree approach.

© 2010 Sathyanarayanan Narasimhan

Dedicated to my beloved parents, sisters, wife and baby Adithya

ACKNOWLEDGEMENTS

Heartfelt thanks to my advisor Dr.Jorge Rodriguez for his mentorship
during the period of this study.
Sincere thanks to committee members Dr.Steven Butt, Dr. Tarun
Gupta, Dr. Azhim Houshyar and Dr. Joshua Naranjo for their timely input
and advices vital for development of this research.
I wish to thank Dr.Paul Engelmann, Chairman of Industrial and
Manufacturing Engineering, and Dr.Bob White for their support through
ought the process.
Special thanks to Johnson Controls, Automotive Experience, Holland
MI for funding this effort. I take pleasure in thanking product engineers,
manufacturing

engineers, testing engineer,

technicians, managers

and

directors at Johnson Controls for their valuable help in conducting this study.

Sathyanarayanan Narasimhan

ii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

ii

LIST OF TABLES

x

LIST OF FIGURES

xi

CHAPTER
1. INTRODUCTION

1

1.1. Motivation

1

1.2. Background

2

1.2.1. Design process

2

1.2.2. Finite Element Analysis (FEA)

3

1.2.3. Knowledge management

13

1.3. Objective

14

1.4. Scope

14

2. DESIGNING AND MANUFACTURING OF HEADLINERS

15

2.1. Introduction

15

2.2. Designing headliners

16

2.3. Headliner materials

17

2.3.1. Glass matrix for thermoforming

18

2.3.2. Foam for thermoforming

19

iii

Table of Contents - Continued

CHAPTER
2.3.3. Foam for cold compression forming
2.4. Headliner forming processes

20
21

2.4.1. Thermoforming of headliners

21

2.4.2. One-step cold forming process

25

2.4.3. Two-step cold forming process

26

2.5. Issues in designing and manufacturing of headliners
3. LITERATURE REVIEW

26
31

3.1. Design process

31

3.2. Finite Element Analysis (FEA) of composite sheet forming

33

3.3. Knowledge management

35

4. RESEARCH METHODOLOGY

39

5. FRAMEWORK FOR INTELLIGENT FINITE ELEMENT ANALYSIS

42

5.1. Introduction

42

5.2. Conventional design process

43

5.3. Matured design process

45

5.4. Proposed advanced design process

47

5.5. Implementation in headliner product development process

49

iv

Table of Contents - Continued

CHAPTER
6. FINITE ELEMENT ANALYSIS OF (FEA) OF THERMOFORMING

52

6.1. Introduction

52

6.2. Hypothesis to explain failures in thermoforming process

52

6.3. Developing material characterization method

54

6.3.1. Developing a triaxial test method for composites

54

6.3.2. Inverse engineering

55

6.4. Methodology to model process in simple control environment.... 68
6.4.1. Model building

69

6.4.2. Analysis setup

70

6.4.3. Post processing results

71

6.4.4. Formability of design guideline tool

78

6.4.5. Model validity assessment

79

7. ENHANCING ANALYSIS TO LEVEL OF TRUE PREDICTABILITY

81

7.1. Introduction

81

7.2. Mapping key process variables to FEA

82

7.3. Establishing desired level of confidence in FEA

85

7.3.1. Surface strain measurement
v

86

Table of Contents - Continued

CHAPTER
7.3.2. Establishing R&R of the ASAME system

91

7.3.3. Gage R&R analysis

93

7.3.4. FEA correlation plan

95

8. KNOWLEDGE MANAGEMENT USING iFEA
8.1. Introduction

103
103

8.2. A framework for knowledge management from FEA data set.... 104
8.2.1. Tacit knowledge

104

8.2.2. Latent knowledge

107

8.2.3. Explicit knowledge

107

8.3. Knowledge codification through iFEA

108

8.4. iFEA as a virtual development environment

112

8.5. Cup tool virtual DOE set up

116

8.5.1. Variable selection

117

8.5.2. Geometry selection

118

8.5.3. DOE factor level selection

118

8.5.4. Establishing virtual DOE run matrix

123

8.6. Virtual DOE results

124
vi

Table of Contents - Continued

CHAPTER
8.7. iFEA knowledge codification: Data mining and analysis

127

8.7.1. Extracting knowledge rules for "prescribing"

128

8.7.2. Extracting knowledge rules for "embedding"

130

8.7.3. Extracting knowledge rules for "structuring"

132

8.7.4. Extracting knowledge rules for "abstraction"

134

8.8. iFEA knowledge assessment

138

8.9. iFEA based knowledge detection

140

8.10. iFEA based knowledge transfer

142

9. FRAMEWORK VALIDATION: IMPACT ON HEADLINER DESIGN ..144
9.1.1. Impact on design engineering

145

9.1.2. Impact on product engineering

145

9.1.3. Impact on tooling costs

146

9.1.4. Impact on project management

146

9.1.5. Impact on prototyping stage

146

9.1.6. Impact on manufacturing costs

147

9.1.7. Business/organizational benefits

147

9.1.8. iFEA framework validation process

148

vii

Table of Contents - Continued

CHAPTER
9.2. Cost data source

149

9.3. Validation projects

149

9.3.1. Project risk (x-axis in perceptual map)

150

9.3.2. Vehicle segment (Y-axis in perceptual map)

151

9.4. The existing stage gate development process

153

9.5. Cost reduction results from iFEA

156

9.6. Application of iFEA in validation projects

158

9.6.1. Project 1 - Small passenger vehicle

159

9.6.2. Project 2 - Midsize sedan

162

9.6.3. Project 3 - Midsize SUV

164

9.6.4. Project 4 - Small pickup truck

165

9.6.5. Project 5 - Full size SUV

167

9.7. A pragmatic approach for wider application

169

9.8. Decision tree model of a conventional headliner development... 170
9.9. Determining "value of information" generated by iFEA

176

9.10. Determining "level of predictability" desired by iFEA

177

10. CONCLUSIONS AND FUTURE WORK
viii

179

Table of Contents - Continued

CHAPTER
10.1. Conclusions

179

10.2. Future work

180

REFERENCES

182

APPENDICES
A: The thermoforming process

187

B: Hot stretch test correlation data

191

C: Sample FEA model

207

D: Selected statistical analysis output

212

ix

LIST OF TABLES

6-1 Test matrix for ensuring robustness

67

6-2 Correlation summary for inverse engineering method

68

7-1 Mapping process variables to FEA

84

7-2 Main sources of ASAME measurement variation

92

7-3 Results from two-way ANOVA for gage R&R

94

7-4 Summary of variations by different sources

95

7-5 Efforts breakdown for a correlation study

97

7-6 Summary of correlation study - R 2 value

98

8-1 List of variables for virtual DOE

117

8-2 Factor levels used in virtual DOE

123

8-3 The 384 run combinations for virtual DOE

124

8-4 ANOVA results for full factorial DOE analysis

128

8-5 Factor effects on minor strain

128

9-1 Design guideline summary for various projects

152

x

LIST OF FIGURES

1-1 Finite Element Analysis of a vehicle crash

4

1-2 Finite element discretization

6

1-3 Rectangular element and its shape function

8

1-4 Global element and nodal numbering

10

1-5 Banded stiffness matrix

11

1-6 Newton-Raphson method

12

1-7 Deformation of a rectangular element

13

2-1 Overhead system assembly

15

2-2 Examples of various headliners

16

2-3 Typical headliner composition

17

2-4 Glass matrix composite manufacturing process

19

2-5 Thermoforming foam substrate manufacturing process

20

2-6 Cold forming foam construction

21

2-7 Thermoforming of headliner manufacturing cell

23

2-8 Pin chain action

23

2-9 Infrared oven

24

2-10 Headliner forming tool

24
xi

List of Figures - Continued

2-11 Press movement during forming operation

24

2-12 One-step cold forming process

25

2-13 Two-step cold forming process

26

2-14 Headliner wrinkle

27

2-15 Scrim and substrate blow out

27

2-16 Sunroof geometry change

29

3-1 Type and sources of design errors

32

5-1 Typical product cycle

44

5-2 Simplified conventional design process

44

5-3 Matured design cycle

47

5-4 Proposed advanced design cycle with iFEA

50

6-1 Headliner wrinkle

53

6-2 Illustration of triaxial test

54

6-3 Triaxial data for polypropylene glass matrix composite

55

6-4 Finite element model of triaxial test

57

6-5 Load deflection curves for various K values

58

xii

List of Figures - Continued

6-6 Load deflection curves for various n values

58

6-7 Normalized load-deflection curve for various n values

59

6-8 Normalized load-deflection curve for PP glass matrix

60

6-9 Flow chart of inverse engineering procedure

61

6-10 Correlated data from inverse engineering process

63

6-11 ANOVA test statistics for FEA vs. experiment regression

64

6-12 Normalized data for PP glass matrix composite at 100C

65

6-13 Correlated data for glass matrix composite at 100C

66

6-14 Design guideline tool

69

6-15 Finite element model of design guideline tool

70

6-16 Step 1: Material handling

70

6-17 Step 2: Tool action

71

6-18 FE output at various process stage

73

6-19 Illustration of major and minor strains

74

6-20 Illustration of strain in determining failure state

76

6-21 Forming limit diagram

77

6-22 PP Glass matrix forming limit diagram

78

xiii

List of Figures - Continued

6-23 Formability of design guideline tool

79

6-24 FEA feasibility-correlation with sunroof tool

80

7-1 List of thermoforming process variables

83

7-2 Thermoforming simulation input form

85

7-3 The 5 main steps of surface strain measurement

86

7-4 A 5mm grid size ensures best accuracy of ASAME

87

7-5 A part with deformed grid pattern

88

7-6 Two viewing angles of a measurement area

88

7-7 Digitized grid pattern of measurement area

89

7-8 Digitized grid profile in 3D

89

7-9 Contour plot of strain for the measurement area

90

7-10 Tensor chart of surface strain for measurement area

91

7-11 Individual data points cover measurement range of interest

93

7-12 Measurement difference between operators is insignificant

94

7-13 Components of variations in ASAME measurement

95

7-14 Selected design features to measure strain

97

7-15 Correlation plots for small sedan

99

7-16 Correlation plots for midsize sedan
xiv

100

List of Figures - Continued

7-17 Correlation plots for crossover SUV

101

7-18 Correlation plots for midsize SUV

102

8-1 KM plays key role in iFEA advanced design cycle

105

8-2 Role of iFEA in KM framework

106

8-3 The 4 main activities with explicit knowledge sources

108

8-4 The 4 codification categories and their applicability

110

8-5 Impact of iFEA on evolution of body of knowledge

114

8-6 Cup tool geometry for virtual DOE

118

8-7 Virtual DOE FE result at various stages of forming

125

8-8 Data extraction from virtual DOE FE results

126

8-9 Snapshot for virtual DOE strain database

127

8-10 Interaction plot for minor strain using full factorial analysis

129

8-11 Predicted strain for plan radius - draw ratio combinations

131

8-12 Critical ratio of plan radius to depth of draw

132

8-13 Flow chart with structuring knowledge rules

135

8-14 iFEA knowledge assessment framework

141

xv

List of Figures - Continued

9-1 iFEA benefits 7 key areas in product development process

144

9-2 Perceptual map of projects compared

153

9-3 Comparison of average development cost

157

9-4 Development cost trend

159

9-5 Baseline result for project 1

160

9-6 Suggested tensioning mechanism

160

9-7 Improvement after adding tensioning mechanism

161

9-8 Project V. Iteration 2 result with geometry change

162

9-9 Project 2: Results for early stage geometry iterations

163

9-10 Project 2: Final formability result

164

9-11 Project 3: Summary of FEA iterations

165

9-12 Effect of changing bill of material

166

9-13 Sensitivity change in FEA to prove engineering intuition

167

9-14 FEA to predict changes in process mechanism

168

9-15 iFEA used to debug temperature related process issue

169

9-16 Decision tree for conventional headliner development

175

9-17 Value of information by iFEA

176

9-18 Savings vs. predictability by iFEA

178

xvi

CHAPTER 1
INTRODUCTION
1.1. Motivation
In a traditional product development environment, about 70% of the
product cost is fixed upfront during the engineering design stage. This
development process also calls for an iterative procedure of designing and
testing till all the requirements are met. Several analytical tools (numerical and
experimental, including Finite Element Analysis (FEA)) are typically used during
this iterative product development process to better understand the product and
significantly reduce the development lead time and cost.
The applicability of specific numerical tool of interest in this research, the
FEA, is vastly reduced in new materials and emerging processing technologies.
This is because FEA requires detailed understanding of the material behavior
during the process. The widespread application of FEA to solve a variety of
problems and the lack of application in simulating composite manufacturing
processes is a strong indication for the need to develop better FEA methods for
processed composite products.
While the development of a FEA for composite forming process would be
an integral tool for the engineering design process, implementation of such
analysis tools often generates more information for an engineer than is required
to solve the problem at hand. Therefore, knowledge management process,
1

especially in the context of engineering function is very important as it most
likely will lead to an efficient utilization of the analysis tool in subsequent
projects.
With this motivation, literature review was conducted in the field of
design processes, FEA in composite materials processing and knowledge
management. A relevant background in each of these three areas is provided in
the following sections. Implications of the works to this research are discussed in
Chapter 3.
1.2. Background
A brief overview is provided below to orient the reader on the three
relevant areas of this research
1.2.1. Design process
Design process refers to various stages in a product development process
During this process, decisions are made on critical product attributes. A typical
design process includes: understanding customer requirements, idea generation
to meet customer requirements, initial design, feasibility check on initial design,
prototyping, testing against requirements, redesigning till test requirements are
satisfactorily passed and final production.

2

1.2.2. Finite Element Analysis (FEA)
FEA is a numerical simulation technique and has widespread engineering
applications. FEA consists of three major components: preprocessing, analysis
and post processing.
During preprocessing step, a Finite Element (FE) model of the problem is
built. This is done by representing components in a test/process as discrete
elements. A sample model is shown in Figure 1-1 . The purpose of this model is
to understand the result of vehicle impacting a concrete barrier.
During analysis stage, the model built in the preprocessing stage, material
properties, constraints and other variables such as velocity, force, etc, are feed as
input to the "analysis code". The foundation of this code is based on
conservation of energy principles. The code reduces the physical representation
of the model, material properties and boundary conditions into matrix of the
form, as shown in Equation 1-1
F = ma
Equation 1-1
Where, F : force
m: mass
a: acceleration
The physical process is divided into "time steps". For example, if crashing
of the car into the barrier takes a total duration of 10ms, the analysis will break
3

this into increments of say, 0.01ms. At time 0, the vehicle will have 100% of the
kinetic energy and barrier is fixed. Say at time 0.01ms, the vehicle starts making
contact with the barrier. Since barrier is stationary and rigid, certain amount of
vehicle's kinetic energy is dissipated. This dissipated energy is absorbed partly
by the barrier and partly by various components in the vehicle itself. The analysis
code, by taking into account of material properties, constraints and geometries of
the vehicle and barrier, calculates amount of kinetic energy dissipated. The code
appropriately

redistributes

this

energy

as

"strain"

induced

in

various

components of the vehicles, ultimately "conserving" the total energy.
During post processing stage, results from the analysis code are
visualized. Typical post processing involves understanding stress and strain
indicated in the components, forces exerted on various members etc.,

Source: LS-DYNA

Figure 1-1 Finite Element Analysis of a vehicle crash
The relevant background on FEA as applicable to sheet material forming is
provided below. The following sections are excerpts from a very valuable
foundation book [Kobayashi 1989] on applying FEA to metal forming process.
4

According to [Kobayashi 1989], the major objectives of sheet metal forming
analysis are three fold:
•

Establish kinematic relationship between underformed initial blank
and deformed final part, predicting material flow during forming
operation

•

Establish limits of formability to predict whether it is possible to
perform forming operation without any defects

•

Predict stresses, forces and energy necessary to conduct forming
operation.

This analysis is carried out in following steps:
1. Discretize initial blank and tool into finite elements
2. Transform elements through shape functions
3. Set up elemental stiffness equation
4. Assemble global stiffness matrix
5. Solution using numerical integration
6. Geometry update
1. Discretize initial blank and tool into finite elements
The process of discretizing components into finite elements is carried out by
representing the geometry in terms of nodes (also can be inferred as "points").
Four adjacent nodes are collectively represented as an "element". This is
illustrated in Figure 1-2. The discretization is done such that there are no
5

discontinuities

or

overlapping

in

the

elements.

Nodes

are

numbered

sequentially. Global node number refers to sequential numbering of all the nodes
in the model. The element level numbering is done and is always 1,2,3 and 4 for a
given rectangular element and it is illustrated for ease of understanding the
relationship between nodes and elements.

Global nc

.- Yemeni
mcuiclll

b

and

elemental

nodal

Source: [Kobayashi 1989]

Figure 1-2 Finite element discretization
2. Transform elements through shape functions
As described in previous section, each element is uniquely described by the
nodes representing the element. Based on finite element formulation, two
requirements must be meet:
•

Completeness requirement: The velocity field must have a continuous
first order derivative within the element
6

•

Compatibility requirement: velocity should be continuous at the sub
domain (between element) interface.

A shape function helps us represent an element satisfying the two conditions
mentioned above. In general, for a rectangular element, represented by 4 nodes,
a linear shape function is defined in a parametric form over a domain {-1< § £1}
and

in a natural coordinate system (£, r|). A simple rectangular element

in both natural domain and Cartesian domain (x,y) is shown in Figure 1-3 (a) and
(b). The shape function q a which is bilinear in (§, r)) is defined as:
q a (^ri) = V4(l+^)(l+ilatl)
Equation 1-2
where: (§, r|): natural co-ordinate of a node
The values of the shape function described in Equation 1-2 is shown in Figure
l-3(c). Based on the shape function, the velocity field can be uniquely defined by
summing velocity (u(°)x, u(Q)y) on all four nodes as:
Ux& q) = Z qa& n) u<«>x
r)) = Z qa($, r|) u(Q)y
The element level co-ordinates

Equation 1-3

r|) are transformed to global co-ordinate (x,y)

system by the following equations:
x(S, n) = 2 qa(£ n)xa
y($, r|) = Z qa($, r|)ya

7

Equation 1-4

U)

<W

w

Source: [Kobayashi 1989]

Figure 1-3 Rectangular element and its shape function

3. Set up elemental stiffness equation
The mathematical foundation of finite element formulation is based on
variational principles, the scope of which is beyond this text due to its rigor.
However, the mathematical treatment boils down to a set of simultaneous
element level stiffness equations of the form shown in

Equation 1-5. The idea

behind this simultaneous equation is to represent the velocity field of the nodal
co-ordinates expressed in

r|) space.
8

Source: [Kobayashi 1989]

Equation 1-5
where:
n: functional
A: Lagrangian multiplier
v: velocity field
vo: initial velocity
Subscripts D and SF refers to deformation matrix and boundaries, respectively.
Subscripts i and j are indices
4. Assemble global stiffness matrix
Consider an example of global level finite element discretization shown in Figure
1-4. The element level stiffness matrix expressed in Equation 1-5 has a property
such that, for example, when expressed for say node 10 in Figure 1-4 , any
changes in velocity field only affects elements 4,5,7 and 8. Therefore, following
Equation 1-5, the global level equation for this particular node 10 can be written
as shown in Equation 1-6

9
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Equation 1-6
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Figure 1-4 Global element and nodal numbering
It's also interesting to note that node 10 influences only the velocity field of its
neighboring nodes 5,6,7,9,11/15,16 and 17. Due to this limited influence property,
the global stiffness matrix has the property of being a banded matrix, expressed
by Equation 1-7 as shown in Figure 1-5.
KAv=f
Equation 1-7
where:
K : Stiffness matrix
Av: change or corrections to nodal velocity
f: nodal point force vector

10

X X X x
X X X X X
X X X X * X
X X X X X X X
X X t

X X X X
X X X X X X X

AV

X X X X X X X

Source: [Kobayashi 1989]

X X X X X X X
X X X X X X. X

g

X X X X %X
X X X X X
X X X X

Figure 1-5 Banded stiffness matrix
5. Numerical integration
In Equation 1-7, factors K and f are known while the Av, nodal velocity correction
factor is an unknown to be solved for various time integrations schemes such as
implicit and explicit methods are used to find solution to this highly non-linear
problem. One such method is Newton-Raphson technique. Following are
sequence of process steps in achieving a converged solution with this method
a) An initial solution is assumed (based on previous time step, if available).
b) Element level stiffness matrix is assembled
c) Velocity condition is imposed on element level stiffness matrix for all
elements
d) Element level stiffness matrix is assembled to a global matrix
e) Global stiffness matrix is solved for Av
f) Assumed velocity solution is updated by solution obtained in step (e)
g) Repeat steps b-f until solution converges
h) Update geometry of the material with converged solution.
11

The schematic of solution convergence and divergence in Newton-Raphson
method is illustrated in Figure 1-6.
Solution divergence

Solution convergence

Mi
NODE VELOCITY

Figure 1-6 Newton-Raphson method

Source: [Kobayashi 1989]

6. Geometry update
The converged velocity solution from the time integration method is used to
obtain the deformed geometry. In a simple case with just two degrees of freedom
in (x,y), this can be obtained by updating coordinates using Equation 1-8
Xi(to+At)=Xi (to)+u(')xAt
yi (to+At)=y i (to)+uWyAt
Equation 1-8
where:
(x,y): Co-ordinates
Subscript 0: initial time step
Subscript i: values for node i
t: time step
At: change in time step
u: velocity from converged solution

12

This is illustrated in Figure 1-7. A rectangular element is deformed based on a
converged velocity field solution for a time increment At.

4

3

j1

jt?

,Jf-

:

&V J
V /• / f if wi
y
/

L

If""!

W + Wft.|
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m*

1

2,

in'

H

Source: [Kobayashi 1989]

Figure 1-7 Deformation of a rectangular element
The deformed elemental shape can be used to calculate element level stresses
and strains. These stress and strain fields at various locations on the component
are of our main interest. By understanding the value of these field variables,
decision on good or bad state of the product can be determined. Details on how
to use state of strain to make decision on part quality is described in detail in
chapter 6.
1.2.3. Knowledge management
Knowledge management within any given organization is a growing field. This
comprises of organizations using appropriate methods to identify, store and
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share knowledge developed and acquired. Identifying individuals as "experts"
and "leads", creation of book of knowledge, design rules and lessons learned and
identifying and sharing best practices are all some of the avenues through which
organizations store and share their knowledge base.
Data mining principles are largely used to "extract" knowledge and to develop
knowledge rules from vast sets of data. This is particularly used in business
intelligence. A practical example is various techniques used by credit card
companies to "mine" the transactions made by individual or group of consumers
to understand the spending patterns and trends.
1.3. Objective
The goal is to develop an intelligent Finite Element Analysis (iFEA) in order to
verify the manufacturability of a composite sheet product design and to optimize
the process settings. Such an analysis method would reduce or eliminate
prototyping cost and shrink the product development lead time.
1.4. Scope
This work will rely heavily on developing and validating the research
theory on automotive interior products made from composite sheets such as
headliners and door panels.
Work will be performed entirely on headliners. A detailed background on
designing and manufacturing of headliners is provided in next chapter.
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CHAPTER 2
DESIGNING AND MANUFACTURING OF HEADLINERS
2.1. Introduction
A headliner is an interior component for automobiles and it is fitted under
the roof steel. Headliners are usually made of a composite substrate with a fabric
on its show surface. Headliners form the base component for other parts to be
attached to an overhead system. A typical overhead system ready to be
assembled on a car is shown in Figure 2-1. The composite structure of headliner
substrate damp road noises and improves acoustics of the vehicle. In addition to
this, headliners conceal the wiring harness and safety countermeasures placed in
the space between headliners and roof steel. In recent generation vehicles with
side airbags, headliners not only conceal the airbags but also break away when
the airbag deploys. During airbag deployments, headliners are required to break
away without injuring occupants and ensuring proper deployment of the
airbags.

Figure 2-1 Overhead system assembly
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2.2. Designing headliners
Headliner follow free surface design, its geometry is largely dictated by the
vehicle roof itself and other mating components such as visor, overhead
consoles, sunroof, grab handle, coat hook, lamps, airbags, etc.. Headliner surface
is largely plain and allows special recess to accommodate various features.
Typical areas of the headliners based on the size of the vehicle and features
offered are illustrated in Figure 2-2.

J
_

1. A-pillar: Front end of vehicle/headliner
2. B-pillar: Between l sl & 2nd row of seats
3. C-pillar: Between 2nd & 3rd row seat or rear end
4. D-pillar: Between 3rd row seat & rear and
5. Opening for moon roof or sunroof
6. Visor mounting pocket
7. Grab handle-mounting pocket
8. Overhead console mounting area
9. Coat hook pocket

m

II i
Sunroof

*

£

®

Figure 2-2 Examples of various headliners
The overall style, look and feel of headliners are dictated by the Original
Equipment Manufacturers (OEMs) based on the particular vehicle theme. Design
process is usually iterative, taking into account for changes in the interfering and
assembling parts. Once the theme is finalized and changes to the mating
components are determined, the design is "frozen" and kicked off for
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manufacturing. Limited knowledge is available for headliner design in terms of
2D design guidelines and draw ratio to guide the design process.
2.3. Headliner materials
Headliners are made of two essential layers substrate and fabric. The substrate is
also bonded to a very thin layer of scrim. The fabric is bonded to a layer of foam
(typically Polyurethane). Fabric and substrate are bonded together in the process
through an adhesive layer between the two. The construction of a typical
headliner sandwich is shown in Figure 2-3.

A: Fabric face good

\"

B: Fabric foam

f

C: Adhesive layer

}

D: b-surface scrim
E: Substrate
F: c-Surface scrim

Source: Johnson Controls - ASG

Sheeted fabric
Laminate

Sheeted Board
Laminate

^

Figure 2-3 Typical headliner composition
Based on the type of forming process used and material composition, the
substrate is classified into three main types:
i.
ii.
iii.

Glass matrix for thermoforming
Foam for thermoforming
Foam for cold compression forming
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2.3.1. Glass matrix for thermoforming
Glass

matrix

thermoforming

materials

are

usually

a

low

pressure,

thermoformable, thermoplastic composite of polypropylene and 55% long
chopped glass fiber. Alternately, natural fibers such as Kenaf may be used
instead of synthetic glass fibers. Typical manufacturing process of this glass
matrix material is shown in Figure 2-4. The process starts when polypropylene
and long chopped fiberglass are mixed to form slurry. This slurry is extruded to
a board in a process similar to paper making. Towards the end of the process,
barrier layers, scrim and adhesive layers are bonded using nip roll laminating
process. The dried boards are then cut to the required length and width based on
customer requirements. The glass fibers in finished board are randomly oriented.
Surface density expressed in gsm (grams/ sq meter) is used as specification for a
particular board and it is available from 600 gsm to 2000 gsm.
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SuperLite
V.'eb
Vacuum
Source: Azdel Inc

Figure 2-4 Glass matrix composite manufacturing process
2.3.2. Foam for thermoforming
The foam substrate consists of a core rigid Polyurethane (PU) foam board. The
board is reinforced with randomly oriented fiber on either side. The process of
making the substrate is illustrated in Figure 2-5. The necessary components for
the substrate construction are assembled. This is then laminated in an oven by
applying heat and pressure. The laminated substrate is then trimmed to the
desired length and width.
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Figure 2-5 Thermoforming foam substrate manufacturing process
2.3.3. Foam for cold compression forming
These substrates are very similar to their thermoforming counterparts described
in previous section, in that, they use PU foam core. The main difference between
cold compression and thermoforming substrates is in the way they are processed
to produce headliners. For cold compression forming, raw material layers such
as PU foam board, saturated glass matrix and scrim are laminated together inline, whereas it is bought as a whole composite from the supplier for
thermoforming. This reduces the requirement of floor spacing and labor to create
cold forming foam cores. A typical cold forming headliner substrate construction
is provided in Figure 2-6. More information is provided later in the chapter on
cold headliner forming processes.
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Product Cross Section
Scfim
Saturated Glass
Mat

Foam core
Sasu rated,
glass Mat

Scrim
Spray adhesive
Face Good
Source: Johnson Controls - ASG

Figure 2-6 Cold forming foam construction
2.4. Headliner forming processes

Headliner forming process involves laminating flat substrate and coverstock
together to form the required geometry of the headliner. Depending on the
substrate chosen and type of the manufacturing cell, one of the following three
processes are used:
i.
ii.
iii.

Thermoforming of headliners
One step cold forming process and
Two step cold forming process.

2.4.1. Thermoforming of headliners
A typical thermoforming work cell is shown in Figure 2-7 below. The process
steps are as follows:
Step 1. Precut substrate (glass matrix or foam board) is heat stacked with
coverstock (fabric + foam) along the circumference (in the figure, the fabric is
shown to enter the press directly).
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Step 2. Substrate is then clamped on to pin chain rollers as shown in
Figure 2-8. Pin chains are chain conveyor that locks the material on two sides
along its length. The pin chain indexes the material through various stages of the
process. Typical pin chain conveyor is show in Figure 2-9.
Step 3. The pin chain indexes the heat-staked substrate - coverstock
laminate into an Infrared (IR) oven. The IR oven as shown in Figure 2-9 consists
of two banks of bulbs, above and below the pin chain. Each bank is divided into
several rows and column of heating elements enabling temperature control over
different zones. The bulbs are set to emit energy to heat the material to the
required processing temperature. Headliner composites are bad conductors and
therefore require longer time (as much as 100-140s) to heat up to the processing
temperature of 180C. Due to this requirement heating process usually dictates
the cycle time of the entire forming process. In order to reduce the cycle time and
increase the throughput usually two ovens (namely in-feed and out-feed ovens)
are employed thereby splitting the heating time by half.
Step 4. Once the material is heated to the required core temperature, it is
indexed to the forming press. Forming press is a double action press. The top
tool and bottom tool can move independent of each other. Figure 2-10 shows a
typical headliner-forming tool. Press action involved during forming operation is
illustrated in Figure 2-11. The bottom tool moves up, deflecting the material to
some extent. The top tool is then lowered down to the required gap. The top tool
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causes most of the material deformation. Once the top tool reaches the required
travel, the cooling cycle begins. The material is allowed to cool below its glass
transition temperature to avoid spring back. In order to facilitate the cooling
cycle, water around 20C is circulated through the tool. After cooling cycle, the
tools retract and the pin chain ejects the formed part out.
Trim Station
(Laser or Water jet)
Forming

Press

Headliner
Fabric
AZDEL SuperLite

Sheet

Source: Azdel Inc
Note: fabric & substrate are feed separately in

Figure 2-7 Thermoforming of headliner manufacturing cell
substratp

Pin

Frame
Figure 2-8 Pin chain action
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Source: Johnson Controls - ASG

Figure 2-9 Infrared oven

Top tool
Bottom tool

Source: Johnson Controls - ASG

Figure 2-10 Headliner forming tool

If

Bottom tool
a. Material Indexed into the press

b. Bottom tool moves up to meet the sheet

x.

'-vi

c. Top tool moves down forming the sheet

d. After cooling, top and bottom tools are retracted; formed part is

Figure 2-11 Press movement during forming operation
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2.4.2. One-step cold forming process
Being a cold forming operation, this process does not require IR ovens. In onestep process, all the layers are laminated simultaneously in the forming press. A
typical forming cycle begins by coating the PU foam board with adhesive layer.
Scrim and reinforcing glass mat are then laid on top of the board. The coverstock
is then laid on top of the sandwich. The entire structure is finally formed in a
double action press at room temperature. This cycle is illustrated in Figure 2-12.
The material is handled through belt conveyors in the adhesive spray booth. Due
to low volume and absence of heat, the material is handled manually. Workers
lay different layers by hand and transfer the laminate to the press and take the
finished part by hand to the next station. However, the forming cycle and press
action remains the same as in thermoforming process illustrated in previous
section,

N
Heedllner*
ready
for
water
)et or die
trimm
ing
Source: Johnson Controls - ASG

Figure 2-12 One-step cold forming process
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2.4.3. Two-step cold forming process
In two-step cold forming process, first different layers for substrate are laminated
to the shape of the headliner in the first press. Cover stock is overlaid on top of
the formed substrate and the two are married together in the second press,
forming the finished product. This cycle is illustrated in Figure 2-13. Prior to the
marrying operation, the substrate is heated in an oven primarily to activate the
adhesive.
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Figure 2-13 Two-step cold forming process
2.5. Issues in designing and manufacturing of headliners
Common issues arising while manufacturing of headliners include wrinkles and
blow-outs. Wrinkles are visible or non-visible localized "bumps" on the surface
as illustrated in Figure 2-14.
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Source: Johnson Controls - ASG

Figure 2-14 Headliner wrinkle
Blow out results when the substrate or the scrim is stretched beyond its failure
limit. A substrate blow out results in significant reduction in stiffness of the
headliner and it is totally undesirable. Scrim blow out, on the other hand results
in just exposing the substrate core locally. Scrim blow out may or may not be
deemed as scrap based on customer's comfort level of accepting parts. Pictures
illustrating the substrate and scrim blow out are shown in Figure 2-15.

Substrate

blow

Scrim blow out

Source: Johnson Controls - ASG

Figure 2-15 Scrim and substrate blow out
On a typical new headliner product, approximately 3 weeks are spent on an
initial aluminum or epoxy prototype tool to understand the issues with respect
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to wrinkle and blow out. Continuous brainstorming sessions are held with
design and manufacturing team to come up with list of countermeasures to
minimize these issues. Based on team vote, a solution is selected, usually
involving a change to the tool. Depending on the type of rework, the time
required to update the tooling might take anywhere between 5-20 business days.
The updated tool is again evaluated. This cycle is usually repeated at least 6-8
times before all the material, processing and design change avenues are pursued.
The customer is persuaded to trade off his styling requirement to a less
demanding geometry to avoid wrinkles and blow outs. Therefore, the final
version of the prototype tool usually reflects a less demanding design than
original. Alternately, customer buy-off for parts is also obtained in certain cases
with acceptable levels of wrinkles and blowouts.
A typical example of this scenario is illustrated in Figure 2-16. The initial
customer requirement for a sunroof opening is deemed aggressive and
infeasible. The final negotiated surface has larger corner radius, resulting in less
"day light" view for passenger inside the vehicle, and therefore less desirable by
the customer.
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Figure 2-16 Sunroof geometry change
Upon optimizing the prototype tool, production tool is kicked off in steel. Even
though process is optimized in prototype tool, additional issues are encountered
in production tool due to heat transfer characteristics differences between
prototype tool (usually epoxy or aluminum) and production tool (usually steel)
and due to other variables that are not captured in the prototype stage. This
results in additional prove out time of about 3-4 weeks per iteration and 2-4 tool
updates to production tool.
A structured problem solving approach is followed in the entire tool prove out
process in which series of brainstorming, DOE and key variable search are
performed

based

on

the

extensive

processing

experiences

among

the

manufacturing and product engineer. However, this type of problem solving is
found to be brute force as little is learned about the actual physics of headliner
forming process, especially about the wrinkle and blow out issues. Therefore,
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even with the extensive process and product information, very little usable
knowledge is carried on to the future product resulting in little improvement in
reduction of number of tool updates and prove out time on subsequent projects.
Therefore, there is a strong need for a simulation tool to understand and capture
material behavior during the process and predict issues, so that tool prove outs
can be conducted in virtual world via modeling, leading to minimal or no
physical tool changes.
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CHAPTER 3
LITERATURE REVIEW
3.1. Design process
In an exploratory work [Brown 1995] the product development process is
synthesized as a disciplined problem solving process executing a very rational
plan within confinements of the communication web in an organization. This
process is described as a balancing act between product vision developed at
executive level and problem solving found at project level. This is done through
carefully planned pre-development activities, executed by competent and wellcoordinated cross-functional teams. The teams play on the synergies of the firm
with significant support from the top management.
Implications of this work to this current research are that, to have a
successful analytical tool as part of product development solution set, we need
an engaged top management sponsor, and a cross functional team of experts as
stakeholders.
Work by [Griffin 1993] as a part of Product Development Management
Association (PDMA) success/failure task force identifies five independent
dimensions of success/failure performance of a development process. They are
firm level, program level, product level measures and measures of financial
performance and customer acceptance. Based on this, this study will measure
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success through financial performance and customer acceptance of individual
projects implementing this work.
In a doctoral dissertation by [Chao 2004] the types and sources of design
errors documented in the 8D process required by the FAA was collected from a
aircraft engine manufacturer and the summary is provided in Figure 3-1. This
shows that if proper analysis methods are incorporated in the design process,
about 75% of design errors can be eliminated. The figure also indicates that a
large number of analysis lead to errors, indicating the importance of a fool-proof,
robust incorporation of analysis method in the development process.
Types of design errors

Sources of design errors

Figure 3-1 Type and sources of design errors
Another useful finding from this work is the survey of 15 companies
comprising 6 industries indicating that "design reviews" are the most popular
way of maturing the design. Many also indicate the absence of a structured
product development process and lack of documentation to serve as guidelines
for future projects. Only 36% of survey participants have recognized simulation
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as a method of managing errors in product design, alluding to the importance of
this research proposal.
3.2. Finite Element Analysis (FEA) of composite sheet forming
A 1991 report by a US national committee on theoretical and applied mechanics
provides a collection of research directions in the field of computational
mechanics. This work recognizes the development of constitutive equations for
manufacturing process itself as a "rich field" for integration of computational
mechanics, solid state physics and material science. It calls for development of
constitutive equations for materials that are not currently modeled, including
composites and predicts future in this area to contain simple models for simple
process design and more detailed models for fine tuning.
[Zampaloni 2003] provides a summary of constitutive modeling work done by
other researchers in composite materials. Attempts have been made to model
woven structures with homogenization approach using orthotropic constitutive
equations and modeling a unit cell in 3D and solving governing equations to
obtain composite material properties. Disadvantages of these approaches include
long computational time, lack of ability to properly model the changes in fiber
angle during the process. Anisotropic random fiber matrix were modeled using
reversely isotropic incompressible Newtonian and non-Newtonian fluid model
showed good correlation with isothermal squeeze flow experiment but
portability of the model to a real forming process was not investigated. Other
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approaches to model the temperature effect and strain rate effect also had
shortfalls due to lack of good constitutive modeling. A typical shortfall of a
modeling attempt is the work of [Rodgers 2004], which implements a
constitutive model developed based on preferred fiber orientations in natural
fiber reinforce polypropylene sheets. The composite modeled to be unilateral and
each layer is considered independently with the stiffness matrix created by
summation of all these layers. Data from a "squeeze flow" testing is used to
model the material behavior. Visual comparison of FEA results and actual parts
were provided. It was mentioned that ABAQUS simulations performed with this
custom material behavior doesn't show good correlation of wrinkles observed in
a spherical punch test experiment.
In the experimental material characterization area, bias-extension and picture
frame tests are widely used as standard methods to characterize the laminate
properties. As identified by [Gilbert 2003]. These test methods have inherent
weaknesses such as difficulty in measuring precise shear angles in bias-extension
method and undesired fiber tension in picture-frame testing.
Understanding the past development and current trends shows several different
attempts to model specific material behavior, while failing to satisfactorily
represent the behavior of the end product during a forming operation. The
review therefore, shows major gaps in both constitutive equation as well as
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material characterization tests to successfully model the end forming process
behavior.
Inverse engineering optimization problems have been used in the past
[Narasimhan 2002] to systematically modify material properties for achieving
greater correlation between numerical model and actual experimental data.
Review of literature in this area shows wide variety of applications including
torsion test [Chenot 1996], re-crystallization in hot forming [Kusiak 1996], using
fuzzy modeling approach in hot upsetting process [Hassan 2001] and in forming
thin sheet metals [Delameziere 2001].
It is clear from the literature review that there is a lack of robust constitutive
model for composite materials. Lack of successful models based on macroscopic
and microscopic behavior makes a strong case to use an inverse engineering
approach for modeling

composite

sheet materials

and will be

further

investigated in this research. Inverse engineering methods solve the problem
from a mathematical perspective than from a material science perspective.
Therefore, the numerical formulation of FEA can better represent composite
materials when inverse engineering method is used.
3.3. Knowledge management
In the realms of knowledge sharing and reuse, an industrial survey result
published in [Chao 2004] indicate that almost all organization use some form of
database to collect failure information in the design process. In a striking
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contrast, very few utilize some form of stored knowledge in their new programs.
This poses a question to be answered through this research: what are the
enablers to convert the stored information in the finite element analysis based
database into a knowledge that can be shared and reused to improve the
effectiveness of future projects?
A collective summary of research [Burns 2004] in the field of knowledge
management indicate challenges in terms of creating, disseminating and
updating

the knowledge

base.

These

challenges

have been

preventing

widespread adoption of knowledge based engineering in current practices.
However, focused researchers [Szulanski 2002] indicate that a communication
theory based knowledge transfer model will be more applicable to a product
development environment. [Hoopers 1999] propose a framework in which, an
integrating mechanism drives three channels (shared knowledge, coordination
and cooperation) influencing product development performance. [Pisano 1996]
shows that organizations can effectively learn-before-doing when sufficient
theoretical and practical knowledge prevails. Organizations can learn-by-doing
while relying on production experimentation on new technology. Bohn's levels
of technologic knowledge documents the different level of maturity upto a
practical limit of knowledge. This helps to answer the what? and why? questions
and a theoretical limit of complete knowledge in which one can relate all possible
input variables and their interactions on output. [Segne 1990] discussed single
36

loop learning process in which incremental improvements are made and doubleloop learning process in which a continuous emphasis is placed on feedback of
how organization itself is learning are two common classifications of knowledge
management.
Another research [Man 2004] indicates the shortcomings of fuzzy systems,
and decision support systems as a result of ill-structured and poor quality
information. [Hong 2000] summarizes two ways knowledge can be used,
knowledge exploitation in which a firm uses its existing knowledge to define an
innovative problem and knowledge exploration in which existing knowledge is
used to create new knowledge.
[Sobek 1997] and other research study compare and describe Toyota's
automotive product development process to be one of the best as indicated by its
industry best short lead time in vehicle development. Understanding Toyota's
product development from knowledge management perspective sheds light on
how the firm's culture and principles aid to its knowledge collection, storing and
sharing in terms of manufacturing book of knowledge, guidelines and trade off
curves, etc.
While the knowledge management literature provide framework for
learning and effective sharing of information, literature on data mining focus on
how to extract relevant knowledge from data sets. A process pioneered by
business intelligence community, data mining is increasingly finding its
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application in science and engineering. A collective summary [Braha 2002]
indicates the five major tools available within a data mining kit. They are:
1. Classical statistic methods (discriminant analysis)
2. Modern statistical techniques (Bayes theorem, casual networks, etc)
3. Neural networks (back propagation, radial function networks, etc.)
4. Decision tree algorithms, and
5. Decision rule algorithms
[Braha 2002] also cites that in design and manufacturing realm, several examples
of knowledge creation through data mining are found in pockets of functional
expertise. Examples provide information on how individual actions of designers
can be mined to generate knowledge rules, how rough set method is used to
avoid costly quality check for fit in an assembly process and how data mining is
used to intelligently select and reduce acceptance sampling lot size in
semiconductor manufacturing process. The literature review thus far indicates a
void in exploring applicability of data mining concepts on vast data sets
generated by FEA.
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CHAPTER 4
RESEARCH METHODOLOGY
Literature reviewing current best practices of utilizing FEA in product
development cycle indicate that FEA application is somewhat ad-hoc, in that
FEA is not fully used as preventive tool and correlation of results to actual values
are not truly understood. A framework to successfully incorporate FEA into the
design process will be proposed. This framework itself will constitute an
addition to the body of knowledge of design process. Based on this framework,
research will be conducted simultaneously on composite sheet headliners in
three generic phases. As the research matures, a revised version of this
framework will be created to include the findings from the current research.
Therefore, the research objectives are:
Step 1: Objective 1.1: A framework to develop intelligent Finite Element
Analysis (iFEA).
An initial framework is proposed based on traditional but often
overlooked steps involved in developing a FEA methodology and incorporating
analysis into the design process. The proposed steps are:
1. Develop FEA to model desired process
2. Enhance FEA to the level of true predictability
3. Utilize validated FEA in knowledge creation to aid intelligent product
design
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These three steps are broken into different sub-steps in this research, and details
about individual steps and research objectives for each step are as follows:
Step 2: Develop Finite Element Analysis (FEA) to model desired process
Objective 2.1: Develop and validate theories/hypothesis to understand
the

physics

associated

with

product

defects

arising

from

composite

manufacturing process.
Objective 2.2: Develop test methods to characterize composite materials
to understand its behavior under processing conditions and to understand
material sensitivity that leads to part defects.
Objective 2.3: Develop FEA methodology to capture the process behavior
on a simplistic control environment.
Step 3: Enhance Analysis to the level of true predictability
During this stage, things learned from Step 2 will be refined with research
tools such as DOE, optimization and inferential statistics.
Objective 3.1: Map realistic processing conditions to FEA model variables
by understanding the sensitivity of key variables on the output.
Objective 3.2: Establish desired level of confidence in FEA results; and
develop a method to communicate FEA correlation as function of actual
observations.
Step 4: Use validated FEA to aid intelligent product design
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During this stage, learning from Step 2 and 3 will be carried on to the next
level by adding findings in knowledge management area
Objective 4.1: Provide a frame work for an appropriate way of collecting,
generating and sharing product and process knowledge base from data set
generated by FEA.
Objective 4.2: Select, implement and validate a suitable methodology
from data mining tool kit to generate product and process insights from FEA of
composite sheet manufacturing.
Objective 4.3: Device a strategy for knowledge reuse for an intelligent
product design, which can be processed right the first time without any errors.
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CHAPTER 5
FRAMEWORK FOR INTELLIGENT FINITE ELEMENT ANALYSIS

5.1. Introduction
The role of computer based analysis tools such as Finite Element
Analysis(FEA) is somewhat marginalized as a part of toolsets available to
engineers in a product development organization. In this chapter, pitfalls of
conventional design process without using any FEA and matured design process
that uses FEA as a reactive tool are presented. An advanced design process
framework is presented to utilize iFEA as a pro-active tool to aid product
development process. This approach was implemented on a headliner product
development process, yielding reduction in engineering development cost from
about $900K with current process, to about $250K when advanced design process
is used with iFEA. A pragmatic approach to use iFEA as a "source of
information" rather than the traditional role of FEA as problem solving tool is
illustrated using a decision tree approach. By capturing the payoffs and
uncertainties associated with each alternative of an engineering decision making
process, the value of iFEA can be justified in the product development process.
Also, this decision tree method provides a very practical approach in answering
crucial question on desired level of confidence or correlation to be achieved
between FEA and real world data.
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5.2. Conventional design process
In the context of this dissertation, a conventional design process is defined
as one where the organization does not have access to analysis resources or the
scope of engineering activity doesn't require the use of an extensive analysis. A
third scenario would be lack of analysis methods to solve existing engineering
challenges. A typical design process shown in Figure 5-1 strives to execute a well
orchestrated plan between design, product project and manufacturing engineers
to profitably meet customer's expectations. As creativity is a core of any
engineering development activity, a simplified conventional product design
cycle as described in Figure 5-2 begins when several engineering ideas are
generated with the aim to meet a set of pre-defined requirements. Usually, after a
team process, best idea is selected. Product is prototyped and tested for
requirement. If the test indicates failure to comply with the requirements, an
iterative idea generation - prototype - test cycle is followed.

Therefore,

successful outcome in this process is largely driven by trial and error. While
disciplined engineering process can still be carried through the use of tools such
as fish-bone diagram, DOE and robust design approaches, at the heart of this
process is still relying on physical prototypes or historical data to gain product
knowledge. As a result, for a given complexity of a project, the development lead
time and cost are the greatest compared to the matured design process described
in the next section and the advanced design process proposed in this research.
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Figure 5-1 Typical product cycle
Generate Ideas

Select best concept

Figure 5-2 Simplified conventional design process
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5.3. Matured design process
The hallmark of this design process is the use of a numerical analysis tool
such as FEA, as a reactive problem solving tool. A matured design process in the
context of this dissertation is characterized if one or more of the following
situations applies to the development process:
i) Basic FEA methodology is available and applicable to model critical
requirement failure points
ii) The organization has access to critical capability required to conduct
the analysis, if required.
iii) The development process is repetitive in terms of recurring updates to
same product line with more complex requirements on each update.
At the core of this matured design cycle is a conventional process, involving
engineering brainstorming sessions to generate ideas and relying on physical
prototype to gain product knowledge. However, a matured process is set to
deviate from conventional process when conscious decision was made either to
use or not to use FEA to enhance the product knowledge before each trial, as
characterized in Figure 5-3.
The decision to not utilize FEA in the reactive problems solving process is
largely driven by the following:
i) Lack of understanding of how FEA can be applied to the problem,
thereby not engaging an FEA analyst.
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ii) Prior experience in using FEA on a similar situation yielded poor
correlation to actual phenomenon - implying that analysis is ineffective.
iii) The cost and time involved engaging the FEA into the process is
perceived to be more expensive than relying on a trial-and-error with physical
prototype.
If FEA is engaged in a reactive basis, a baseline is usually established in
which objective of the FEA is to represent the actual observation as close as
possible. With this "calibration" exercise, FEA is deemed "fit" to screen the set of
alternate ideas. If properly formulated, FEA is also used to gain valuable insights
into the physics of the problem. These insights act as stimuli

during

brainstorming sessions to generate list of alternative ideas.
Since initial development of FEA in 1940s and rapid development in
1970s, hundreds of book titles and thousands of articles and reports have been
published in this subject. The proliferations of FEA software undoubtedly
indicate that most organization follows this reactive-FEA based product
development process. However, very few best practices product development
organizations utilize knowledge gleaned from FEA to use the analysis proactively before physical prototypes are made.
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Figure 5-3 Matured design cycle
5.4. Proposed advanced design process
Visionary outcome of the proposed advance design is to "do it right the first
time" in a product development environment. This moto has been a long
standing in manufacturing environment. As indicated in conventional and
matured design cycle, the applicability of this moto in product development
environment is largely restricted due to uniqueness of each development process
driven by the uncertainties associated with geometry, material and the process
by which product is engineered.
The proposed framework as shown in Figure 5-4 will help overcome
many of these uncertainties and provide a platform for engineering a product in
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a virtual environment. Such a virtual environment reduces the need of testing to
"just confirm" that the requirements are meet versus role of testing in other
design processes - as a source of data point to improve the engineering and
ultimately meet the requirements through trials.
The salient elements of the proposed framework are:
i) Availability of FEA method to represent the physics of actual
observation
ii) Improve the correlation between FEA and actual observation to a
desired level based on uncertainties and payoffs/penalties of failure cost
iii)

Generate product insights with respect to critical uncertainties

through inline or offline product development knowledge management activities
iv) Formally incorporate the discipline of using iFEA in the product
development process
Once these elements from the framework are devised, the sequence of
development activity will follow these steps:
i) Receive development criteria
ii) Generate best ideas based on information captured in the knowledge
base
iii) Conduct proactive z'FEA analysis on range of concepts and range of
critical uncertainties and choose one or more idea that provides robust costperformance outcome
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iv) Build either an advanced prototype or a pull-ahead production part
v) Test the part to confirm that the requirements are met as predicted by
iFEA in step (iii)
vi) If testing confirms iFEA prediction, improve knowledge base with
additional information and produce the part
vii) If testing doesn't confirm with iFEA prediction, launch a 8D type issue
resolution process to determine cause of deviation and update knowledge base
and iFEA methodology appropriately.
5.5. Implementation in headliner product development process
In order to show the applicability of the proposed advanced design process, an
ideal candidate will be a development environment that follows conventional
design process. By implementing

the advanced design process to this

environment, the development cost data by following the advanced design
process can be easily compared with conventional and matured design process.
The assertion of this research is that advanced design process should yield a
substantially lower development cost, compared to other two processes.
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Figure 5-4 Proposed advanced design cycle with iFEA
Headliner used in automobile interior is chosen for implementation as its
development followed conventional design process at the inception of this
dissertation. A detailed description of current headliner product development
process is provided in chapter 2. The development of the three essential
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components of iFEA framework for headliner development process is provided
in subsequent chapters as follows:
Chapter 6 provides ground breaking work done to develop computational
methods for modeling headliner forming process behavior
Chapter 7 details work done on enhancing headliner Finite Element
Analysis (FEA) to the level of true predictability
Chapter 8 shows how to utilize a validated headliner forming FEA in
knowledge creation to aid intelligent product design

51

CHAPTER 6
FINITE ELEMENT ANALYSIS OF (FEA) OF THERMOFORMING

6.1. Introduction
As discussed in Chapter 2, headliner thermoforming process follows
conventional physical prototyping trial and error method. First step in applying
the proposed iFEA framework is to develop a Finite Element Analysis in reactive mode (after observing actual experiment/result from process) to simulate
thermoforming process and capture critical failures.
From the literature review discussed in Chapter 3, developing a successful
reactive FEA model is inhibited by lack of reliable material modeling technique
to characterize headliner composite materials.
This chapter focuses on developing the first step of iFEA to headliner
thermoforming process by bridging the gaps identified in literature review. The
three main steps to achieve a reliable FEA of thermoforming process are:
1. Developing hypothesis to explain failures in thermoforming process
2. Developing material characterization method, and
3. Developing FEA methodology to capture thermoforming process in a
simple control environment
6.2. Hypothesis to explain failures in thermoforming process
This

is

the

requirement

phase

of

developing

a

FEA

for

a

given

process/phenomenon. Hypothesizing what's causing the issue - at fundamental
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/microscopic level is critical to determine the technical roadmap of FEA
development. The hypothesis developed will be used to determine proper
method of testing material, input parameters for setting up analysis and
reviewing appropriate results.
Hypothesis 1: Blow out during headliner forming process: occurs when the material is
stretched beyond its failure strain.
Proof: Uniaxial tensile testing of poly propylene glass matrix composite
resulted in failures similar to observation from thermoforming process.
Hypothesis 2: Wrinkles during forming process: occurs when substrate material
buckles due to uncompensated compressive strain in the localized area of the
part.
Proof: A cross section cut through the wrinkle shows material buckling as
shown in Figure 6-1.

Wrinkle

Source: Johnson Controls - ASG

Figure 6-1 Headliner wrinkle
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6.3. Developing material characterization method
A material characterization method has two parts. First part is collecting accurate
data from a suitable test. The second part is to represent the test data
appropriately in the FEA.
6.3.1. Developing a triaxial test method for composites
The headliner thermoforming is a 3-D drawing process where, the material is
stretched in all directions by the interaction between various features within the
geometry and other process settings. Therefore, a uniaxial tensile test data is
deficient in capturing material behavior accurately in the analysis. The
drawbacks of other test methods found in the literature was discussed earlier in
Chapter 3. With these learning, a triaxial test method was developed for
composites to stretch the material in two directions at the same time. The
schematic of the test method is illustrated in Figure 6-2.

Beginning of test

End of test

Figure 6-2 Illustration of triaxial test
The specimen is first soaked to the desired forming temperature of 180° C. It is
then clamped on its circumference as shown in Figure 6-2. A spherical punch is
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used to stretch through the material. The load on the punch is recorded as a
function of the punch displacement. The resulting load - displacement curve
from the test is plotted as shown in Figure 6-3. A set of 3 samples were tested at
this condition to ensure test consistency and understand material variability.

dlsp-mm

Figure 6-3 Triaxial data for polypropylene glass matrix composite
6.3.2. Inverse engineering
As described in the literature review, inverse engineering is an optimization
process of matching actual test data by optimizing material variables within
FEA. A traditional way of modeling a material in FEA involves:
1. Conducting uniaxial tensile test to collect load-deflection data
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2. Using the standard formula to convert the measured load-deflection
data into stress-strain curve and
3. Incorporating stress-strain curve in the FEA in the form of a tabular
data or relationship
This poses a challenge as there are no standard equations to convert the
load-deflection data measured from the triaxial test into stress-strain curve.
Therefore, an inverse engineering approach is devised, in which FEA analysis of
the test itself is repeated until the results from FEA matches actual test data. The
stress-strain relationship will be an input to the analysis. The output of the
analysis will be load-deflection curve. By systematically changing the input
stress strain curve, a desired level of correlation can be achieved between FEA
generated load-deflection curve and values measured from the test. Once this
correlation level is reached, the corresponding stress-strain input parameter is set
to represent the material accurately in the FEA.
Procedure
LS-DYNA FEA software is chosen for the modeling purpose. It is widely used in
automotive and aerospace industries for modeling and analysis of dynamic
processes such as metal forming process, crash studies and impact modeling.
LS-DYNA allows users to represent stress-strain curve of the material in various
formats, including a tabular data and also a power law model as described in
equation 6-1.
56

Equation 6-1

a = Ken
Where

o: Stress
e: Strain
K: Strength coefficient
n: Strain hardening exponent
This form of material representation is chosen for this inverse engineering
application as this reduces optimization problem to determining just 2 variables
(K and n).A finite element model of the triaxial test was constructed in LS-DYNA
as shown in Figure 6-4.

Beginning

End

Figure 6-4 Finite element model of triaxial test

In order to study the effect of variables K and n, the model was run with various
realistic values of n for a given value of K. The process was repeated by changing
the value of K for a given value of n. The load deflection curve was extracted
from the analysis for all these runs and plotted as shown in Figure 6-5 and Figure
6-6
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Figure 6-5 Load deflection curves for various K values

Displacement mm

Figure 6-6 Load deflection curves for various n values, with constant K value
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The following conclusions were synthesized from these two plots:
•

From Figure 6-5, the parameter K acts as a scaling factor. Increasing
the value of the K results in corresponding scaling of load, for a
given displacement.

•

The plot Figure 6-6 doesn't directly yield the effect of n value. Since
the effect of n in power law equation is to alter the shape of the
stress-strain curve, it is of interest to study the shape of the loaddeflection curve resulting from change in n values.

•

The plot for various n values are normalized, by dividing each
curve by its maximum value. Thus, values in each curve ranges
from 0 to 1 as plotted in Figure 6-7. A clear effect of n on the shape
of the load deflection curve can be observed from this graph.

Figure 6-7 Normalized load-deflection curve for various n values
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Based on these findings, an inverse engineering procedure to characterize the
polypropylene glass fiber reinforced composite matrix is synthesized as shown
in flow chart in Figure 6-9.
Implementation
As per the inverse engineering procedure, load-deflection curves were generated
in FEA for various n values at appropriate composite thickness of 3 mm. These
curves are then normalized and plotted against normalized curve from the
median load-deflection curve from the experiment. The resulting plot is shown
in Figure 6-8. As seen from this figure, the normalized experimental curve
correlates well with FEA data generated with n=0.5 for K=lMPa.

Figure 6-8 Normalized load-deflection curve for PP glass matrix
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Figure 6-9 Flow chart of inverse engineering procedure
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Therefore, we can conclude that this material can be described in the power-law
equation with an exponent value n=0.5. In order to determine the K value, we
look at the ratio of maximum load between experiment and FEA. For this case, it
is worked out as follows:
K
K final

initial

X

L

exp

r

^ FEA

Where:
Kfinai = Final strength coefficient
Kinitiai = initial strength coefficient
Lexp: Experiemtn load
LFEA: Load from FEA

K final

Therefore,

1.0 X 127.36
32 9 7

Kfinai = 3.894 MPa.

A final analysis was performed with thickness t=3mm, n = 0.5 and K = 3.894
MPa.

The

resulting

load-deflection

curve

experimental data is provided in Figure 6-10.
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from

FEA,

overlaid

against

Figure 6-10 Correlated data from inverse engineering process
In order to quantify the level of accuracy with which FEA correlated with test
data, regression analysis was performed using MINITAB. A near perfect
correlation was achieved with P value of 0.0 and R2adj value of 100%. The
summary of relevant ANOVA test statistics is shown below:
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Regression Analysis: Experlement versus FEA
The regression equation i s
Experiesent = - 0.189 + 0.986 FEA
Predictor
Constant
FEA

Ccef
"0.18932
0..925691

S « 0.165170

SE Coef
0.04005
0.00239?

1
-4.73
411.15

R-Sq = 100.01

P
0.000
0.000

ad]) - 1(

Analysis of Variance
Source
Regression
Residual Error
local

OF
1
45
46

SS
4611.7
1.2
4612.9

F
MS
4611.7 169041.28
C. o|
0|

Figure 6-11 ANOVA test statistics for FEA vs. experiment regression
With this high level of correlation, we can confidently declare that the developed
inverse engineering technique successfully models the glass matrix composite
material and the material model describing stress-strain relationship for this
particular case can be described by Equation 6-2
o = 3.894e°-5MPa

Equation 6-2

Validating the procedure
The process was repeated for a second material. The PP glass matrix composite
was tested at a temperature of 100° C, significantly lower than its ideal forming
temperature of 180° C. The relevant normalized curve is provided in Figure 6-12,
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final correlation graph is provided in and the corresponding ANOVA test
statistics is provided in Figure 6-13 below. Even in this case, a very high
correlation was achieved with P value of 0.0 and

R2adj

value of 99.2%. Details on

options to ensure robustness of this procedure is given as future work.

Deflection mm

Figure 6-12 Normalized data for PP glass matrix composite at 100C
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Deflection mm

Figure 6-13 Correlated data for glass matrix composite at 100C
Ensuring Robustness of developed method
In order to verify the robustness of inverse engineering method, it is necessary to
verify the correlation with test data on a wide variety of composites. A test
matrix was created to include 4 broad set of variables:
1. Different substrate board materials
2. Different coverstock materials
3. Different composite construction by combining substrates and coverstock
4. Test temperature
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For thermoforming application, two distinct type of substrate boards used are
glass matrix and Kenaf matrix. PP Glass matrix substrate board manufacturing
process was discussed in detail in chapter 2. Kenaf matrix is obtained in rather
similar fashion using natural fibers. Coverstock materials fall into 3 distinct
categories: extruded sheets, woven and non-woven knit fabrics.
Different composite constructions can be configured by switching coverstock
layers on each substrate material, resulting in 6 different composite structures.
Since these material have different formability at different temperature, test
matrix was configured with minimum and maximum formable temperature
ranges. Testing was conducted upto maximum temperature beyond which either
the substrate or coverstock will degrade. The resulting test matrix with 46 test
configurations is summarized in Table 6-1.
Table 6-1 Test matrix for ensuring robustness
Coverstock only

PP glass Kenaf
matrix
Non-woven Knit
matrix
50
50
50
70
50
70
100
70
70
70
90
125
90
90
90
100
100
135
125
125
145
135
135
145
145
180
130

PVC
o
£
2

CL
<U
*U>

1-

Composite

Board only

Kenaf
PP glass
Kenaf
Kenaf
PP glass
matrix +
PP glass
matrix + matrix +
matrix +
matrix + PVC PVC
Non-woven Non-woven matrix+Knit Knit
70
50
50
50
50
70
70
70
70
100
100
70
90
90
90
125
125
90
135
135
145
145

For each of these 46 configurations, 5 samples were tested for a given condition
to capture test variability. The inverse engineering method was applied for all
these conditions and correlation metrics between FEA and actual test data were
computed. These results are summarized in Table 6-2.
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Table 6-2 Correlation summary for inverse engineering method

Case
1
2
3
4
5
6
7
8
9
10
1t
12
13
11
15
16
17
13
19
1 20
21
22
23

Simulation •
experiment
Case
Material
Tempwatate C correlation. R\ Adj
Knit
50
99 7 %
24
99.9%
70
25
Knit
998%
26
Knsi
90
70
98.0%
27
P P Glass Matrix* PVC
97.4%
100
P P Glass Matrix * PVC
28
125
58.1%
29
P P Glass Matrix * PVC
P P G i n s Matrix * PVC
135
38
97 9 %
99.4%
Keoaf matrix * PVC
70
31
100
99.5%
Kenaf matrix • PVC
32
125
99.6%
Kens! matrix • PVC
33
99.7%
34
Kenaf matrix * PVC
135
50
98.6%
35 P P Glass matrix* lloo-vwven
70
98.9%
36 P P Glass matrix* Hon-woven
90
989%
37 P P Glass matrix* Norwwvw
50
996%
38
Kenaf matrix * Non-wmw
Kenaf matrix • Nonweven
70
99.7%
39
99.7%
90
40
Kenaf matrix • Monwown
986%
41
P P Glass matrix + Knit
50
70
98.6%
P P Glass matrix * Knit
42
982%
43
P P Glass matrix * Knit
90
99,7%
Kenaf matrix* Knit
50
: 44
99.7%
Kenaf matrix* Knit
70
45
99.7%
Kenaf matrix * Knit
90
. 46

Simulation exiMiiwest
Temperature C correlation R J Adi
SO
$9.5%
99.4%
70
994%
90
100
992%
99.4%
125
994%
135
994%
146
99 9 %
180
997%
50
70
99.7%
99 7 %
90
99 7%
100
99.7%
125
135
99.6%
145
996%
$9/9%
180
99.7%
70
99 8%
100
125
999%
135
995%
99,3%
50
70
MO.9%
99.5%
90

Materia!
PP Glass Matrix
PP Glass Main*
PP Glass Masrix
P P Glass Matrix
PP Glass Matrix
PP Glass Matrix
PP Glass Matrix
PP Glass Matrix
Kelt* matrix
Kenaf matrix
Kenaf matrix
Kenaf matrix
Kwa! matrix
Kenaf matrix
Kenaf matiw
K w s ! matrix
PVC
PVC
PVC
PVC
ftaMWVgrt
flon-woven
HonWien

From the very high correlation factor between FEA and test data, it can be
concluded that for the extensive range and variety of material and temperatures,
the inverse engineering method was found to consistently provide reliable
material properties.
6.4. Methodology to model process in simple control environment
Conducting a FEA of thermoforming process in LS-DYNA involves in 3 major
steps:
1. Model building (pre-processing)
2. Analysis set up
3. Post processing results
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6.4.1. Model building
A design guideline is a generic tool available to screen materials. This tool
consists of essentially cups of different depths. When a material is processed
through this tool, a part containing various cup depths are formed as shown in
Figure 6-14. As the material is pushed into individual cups, some will form
without any issues while other may develop wrinkles and blow out. Therefore,
this provides vital information about the limits of the material. This tool is
chosen for the control study as this tool is readily available, does not have the
complexities of real headliner tools and it is easier to change the configuration of
the tool to turn on/off the failures. The finite element model of the matching die,
punch and the composite initial blank are shown in Figure 6-15 . The tooling
consists of 2 matching blocks namely die and the punch. At closure, the tool will
have an offset of about 5mm.

Figure 6-14 Design guideline tool
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2. Defoming composes shest
3. Die

Figure 6-15 Finite element model of design guideline tool
6.4.2. Analysis setup
Setting up thermoforming analysis involves three steps as described below:
Step 1: Material handling
As described in chapter 2, the pin chain mechanism is used as material
handling system to transport the composite sheet in and out of the forming press.
Therefore, during the forming stage, the composite sheet is held fixed along its
two longitudinal sides. This is modeled in the analysis by constraining all
degrees of freedom of sheet movement along the edges as shown in Figure 6-16.

Sheet is constrained

along

these edges to model material
handling system

Figure 6-16 Step 1: Material handling
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Step 2: Tooling action
During the forming process, the bottom die travels upward till it touches the
composite sheet. In a secondary action, the top tool moves downwards until it
reaches a closing gap between the tool of about 5mm. This mechanism is
translated into the model by prescribing the amount of displacement each tool
travels. An illustration of this sequence is provided in Figure 6-17.

t
a. Initial position

b-

Bottom tool moves

upwards to meet sheet
|

i

c. Top tool moves down to meet
bottom tool with a closure gap of
5mm
Figure 6-17 Step 2: Tool action
Step 3: Material properties and thickness
Relevant values of thickness, parameters for the power-law stress -strain
relationship (K and n values) were set in the model for the PP glass matrix
composite.
6.4.3. Post processing results
The LS-DYNA finite element engine processes the model and generates output
such as displacement, stress and stain information for the composite sheet during
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various stages of the process. An output of deformation in the sheet during
various stages in the process is illustrated in Figure 6-18.
Of the different variables output by the analysis, principal major and minor
strain are of particular interest. In a previous section, we hypothesized that
unsupported negative strain causes wrinkles and excessive strain causes blow
out. The principal major and minor strain determine the state of strain at a
particular location in the part and its the value and direction of these strains that
will help us predict wrinkle or blow out issues. This method, known as "forming
limit diagram", of using major and minor principle strain generated by analysis
to predict wrinkles and failures is widely in practice by sheet metal forming
analysis community.
Concept of forming limit diagram
The major principal strain of an element in FE analysis determines the maximum
strain within an element. It is a strain vector, defined in terms of magnitude of
strain value and the direction with respect to the analysis coordinate system. The
strain component at 90° rotation from the major principal strain is called minor
principal strain. Major and minor principle strains at a chosen area of the design
guideline tool is provided in Figure 6-19 for illustration purpose.
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Tool gap = 98mm

Press open

Tool gap = 38mm

Tool gap = 68mm

Tool gap = 15mm

Final: Tool gap = 5mm

Figure 6-18 FE output at various process stage
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..

T

• Major strain

Figure 6-19 Illustration of major and minor strains
During the forming process, any given element is subjected to forces in at least
two directions. Unique nature of the thermoforming process is that at least one of
these two forces acting on any one element will be positive. Therefore, we can
not have a state of strain in an element where major strain is negative. The minor
strain however, can be either positive or negative in nature. By the theory of
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forming limit diagram, the following rules are proposed on how to use the strain
state to predict issues in the forming process:
1. When the major strain in an element exceeds the material failure limit,
blow out occurs.
2. When the negative minor strain is below the material wrinkle limit,
wrinkle occurs.
To illustrate these rules, let us consider a material that blows out beyond 70%
strain and wrinkles below -20% strain. Four different scenarios are illustrated in
Figure 6-20 below.
Case A: The element is subjected to an equal positive force of +10N on
both sides. Let us say this results in an equal tensile strain of +15% along both
sides. In this case, major strain = minor strain = +15%. Since this value is less
than our assumed failure strain of 70% and greater than wrinkle strain of -40%,
the state of this element is considered to be good.
Case B: The element is subjected to positive force of +10N on one side and
+20N on the other side. Let us say this results in a tensile strain of + 15% along
one side and +100% on the other side. In this case, major strain = 100% minor
strain = +15%. Since the major strain exceeds the assumed failure strain of 70%
the state of this element is considered to blow out.
Case C: The element is subjected to a positive force of +10N along one side
and a negative force of -10N on the other side. Let us say this results in a tensile
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strain of 15% along one side and a compressive strain of -30% along the other
side. In this case, major strain = 15% minor strain = -30%. Since the major strain
value is less than our assumed failure strain of 70% and minor strain is greater
than wrinkle strain of -40%, the state of this element is considered to be good.

Minor strain = +15%
<
•

Strain: (+15%,+15%)
State: Good

Case A

•4

•

M i n o r strain « + 1 5 %

Case B

*1
s

Strain: (+100%,+15%)
State: Blow out
Major strain is (100%) >
blow out strain (70%)

«

M i n o r strain = - 3 0 %

Strain: (+15%,-30%)
State: Good

Case C

M i n o r strain = - 4 0 %

Case D

Strain: (+15%,-70%)
State: Wrinkle
Minor strain is (-70%) <
wrinkle strain (-40%)

Figure 6-20 Illustration of strain in determining failure state
Case D: The element is subjected to a positive force of +10N along one side and a
negative force of -20N on the other side. Let us say this results in a tensile strain
of 50% along one side and a compressive strain of -70% along the other side. In
this case, major strain = 15% minor strain = -70%. The major strain value is less
than our assumed failure strain of 70%. However, the minor strain is less than
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wrinkle strain of -40%, therefore, the excessive negative minor strain leads to
buckling of the material resulting in a state of wrinkle.
This concept can be pictorially represented by plotting major strain of
each element along Y axis against the corresponding minor strain in X axis.
When represented this way, the location of the four cases just described is shown
on a forming limit diagram in Figure 6-21 below . In case of steel, due to strain
hardening effect, the failure strain and wrinkle limits becomes function of minor
strain, rather than a constant value. In other words, given a major strain, we need
to know the minor strain to determine whether the element will blow out. The
reverse is also true for wrinkle: given a negative minor strain, we need to know
the major strain value to determine whether the element will have wrinkle issue
[Kobayashi 1989]. Therefore, two lines describing wrinkle sensitivity and blow
out sensitivity is also illustrated in the forming limit diagram shown in Figure
6-21

Blow put zone

_M00S,+15%)

Blow

Wri

Minor strain

Figure 6-21 Forming limit diagram
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6.4.4. Formability of design guideline tool
Using Hyperview post processing tool, the results from the analysis of
thermoforming design guideline tool were reviewed. The post processing tool
has the ability to use the wrinkle and blow out lines described in the previous
section. Using this line, the tool automatically differentiates good areas from
areas with wrinkle tendency and blow out risks. The wrinkle and failure lines to
be used in forming limit diagram for the glass matrix composite is an unknown.
An initial guess was made on the nature of this line. By suitably modifying the
line to match with observation in the actual part, the wrinkle and failures lines
were determined as shown in Figure 6-22. The corresponding status of the part
indicating areas of blow out and wrinkles is shown in Figure 6-23.

PP Glass matrix forming limit diagram
Q-35

nfc 0.1 J
UAJJ^
„
-0.4

-0.3

-€.2

-0.1

0

0.1

0.2

0.3

Major Strain

Figure 6-22 PP Glass matrix forming limit diagram
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Figure 6-23 Formability of design guideline tool
6.4.5. Model validity assessment
In order to ensure that the correlation with design guideline tool can be
replicated, another control environment was chosen. Without changing the
material information and other non-geometry related conditions, a simulation
was repeated on a simple sun-roof cut out tool. The only change in this model
from the design guideline tool was to replace the tool geometry and process
settings in terms of presence of tension and size of material.
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Two different processing conditions were simulated: with and without material
tension. The rationale behind this set up is to produce parts that are both good as
well as bad to ensure FEA is capable to predict issues appropriately.

Figure 6-24 FEA feasibility-correlation with sunroof tool
From this correlation, we can conclude that FEA is capable of simulating the
thermoforming process in simple environment. In the next section, the reliability
and accuracy with which FEA can predict thermoforming process in a true
manufacturing environment is discussed.
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CHAPTER 7
ENHANCING ANALYSIS TO LEVEL OF TRUE PREDICTABILITY
7.1. Introduction
In the previous chapter, the newly developed thermoforming FE model is
shown to work well in a controlled setting where material, process variables
were closely controlled. The purpose of this chapter is to expand the usability of
the model to a real world setting, by taking into account more complex
interaction of key variables and their variations.
Thermoforming is one of the most complex manufacturing processes.
Therefore, it is imperative to have a verification process that matches both
breadth and depth of the complexities involved in the thermoforming process.
The true predictability of any model can be defined as the ability to
accurately predict results within the domain where variables were tested and
also outside the testing domain. Such a comprehensive model is very resource
intensive to develop and validate. True predictability in the context of this
dissertation is deduced by the proper level of type 1 and type 2 errors discussed
in the previous chapters. Three main steps involved in establishing desired
predictability of the model:
1. Mapping key variables
2. Establishing the predictive power
3. Developing a process map for consistent implementation in future cases
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7.2. Mapping key process variables to FEA
For

the thermoforming

analysis

to be effective

in real

manufacturing

environment, it should be sensitive to all the key variables that affect the process
performance. All the possible variables that affect the process such as: material
variables, process variables, people variables and manufacturing floor variables
were brainstormed. This comprehensive list is illustrated in Figure 7-1.
From this list, a reduced set of variables that can be directly entered as
input into FEA was synthesized as follows:
a. Material stress-strain relationship - inverse engineering method takes in
to account of all material variables such as density, ash content, IFD and tensile
response. Since we assume an isothermal processing condition in FEA, thermal
properties such as thermal conductivity and specific heat capacity can be
ignored.
b. Forming stage core temperature: by capturing temperature of the
material in the press during tool closure, several oven related process variables
are reduced to just one variable in FEA.
c. If differential heating pattern is used across the surface of the material, it
will be modeled with appropriate individual material properties at respective
temperature.
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d. Since part defects occur during forming and not during curing, press
speed, dwell time and cooling water flow rate through the tool are all neglected
in the analysis.
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Stretch plate locatioii(s)

Stretch plate engagement
Cooling channel location

Figure 7-1 List of thermoforming process variables
e. Almost all of the equipment related variables significantly influence the model
set up and boundary conditions; therefore they are all captured in the analysis.
f. Variability in plant noise factors such as operator's handling and ambient
temperature can be modeled by changing corresponding boundary conditions
and material core temperatures respectively, in the model.
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3

The resulting map of variables to be input into FEA is provided in Table 7-1. For
each analysis to easily match with a particular process setting, it is essential to
have a clear communication protocol between the analyst and the manufacturing
engineer. A thermoforming analysis set up documenting form is created to
facilitate this process and it is illustrated in Figure 7-2.
Table 7-1 Mapping process variables to FEA
Variable
Category
Material
Nominal thickness
Hot Stretch Test response
EProcess
Qvenl temp
Oven 1 dwell
Oven 2 temp
Oven 2 dwell
Sheet size
Initial boundary condition
Heater zone: top & bottom
Equipment Upper forming ht
Lower form ht
Distance to pinchain
Day light
Final pinchain width
Stretch plate location
Stretch plate engagement

FEA variable

Shell thickness
Power law parameters

Material core temperature at forming station
Sheet FE model
Edge nodal SPC
Split blank per zonal arrangement
-as is-as is-as is-as isSheet FE model
FE model
FE model
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Headliner Forming Simulation Input Form - Post Tooling
General Information
Program name
CAE work order number
Scrim blowout prediction needed? (Y'M)
Work order submission date
Headliner part name
Headliner part number If available
Too) number
too) revision
Production line

COS

line

Toot CAO data information (STEP, IGES or Catia V4 mode!)
Pile name
File location
Both toot surfaces available? (Y/N)

Board core temperature (degrees C)
Material Information
Bill of material Information
Fabric type
Fabric foam type
Board type and w«lgh: !i t|.v»J ,1

Raw board dimensions (mm)

mt * CPP WV •'/.(• ewtwcji!)

604)4 length (Por«-Ah)
S w S Width (Cresv Car!

If 8 0 M available in "Material catalog", enter BOM number
Headliner formed thickness (mm)

Tool Geometry Information (units are mm)

Pin chain heioht -10 t»#lh bate IA(

4650

OM«h*reht»i

WTJO

Lower tool h«loh! to l«w#r njnoat avt oo.nt tRP low»
Uoee» «ormi(iD coiiNon iVt
D.&tance rrom

ef)aSn

1®

*»

°® n « « l e » * d b»»ii!<"> <Oi

tux v. .t>

•46S

Slitiplllied strtieit plate data it available (CAD preferred)

Figure 7-2 Thermoforming simulation input form
7.3. Establishing desired level of confidence in FEA
In step 2, feasibility of the FEA was established by quantitatively comparing
analysis results with actual parts in terms of locations of wrinkles and blow out.
Analysis using categorical variables requires large data points to establish high
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level of confidence. Therefore, it is desired to measure surface major and minor
principle strain, the variable calculated in FEA, from the actual parts so that a
one on one correlation can be performed for greater accuracy.
7.3.1. Surface strain measurement
A surface strain measurement system such as [ASAME 2009] is widely used to
solve formability issues in sheet metal products. The ASAME system chosen for
measurement works by triangulating 2D photographs of the deformed part to
obtain 3D surface. This measurement system consists of three main elements: a
portable camera, known reference geometry and an image analyzing software.
The general schema of measurement procedure is illustrated in Figure 7-3.
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Figure 7-3 The 5 main steps of surface strain measurement
First step in the measurement process is to apply a rectangular grid pattern on
the headliner fabric.

Screen printing technology was found to be the cost

efficient method to apply reliable grid pattern on headliner fabric. The
measurement system accuracy is contingent on consistency of grid pattern
application as well as the size of the grid applied. The amount of error induced
by the intensity of grid pattern (dpi) and grid size is extensively studied by the
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ASAME provider as shown in Figure 7-4. From this graph, we find that a 5mm
grid pattern ensures best accuracy of the system by minimizing the strain error
rate induced by grid application process. Therefore, 5mm square grid was
applied on the headliner fabric.
E r r o r Based oil Grid A c c u r a c y

lmm

a

[mm
I nun
>mm
O O O O O ® ©

O

O O O O O O O O

s s s s —s —s —s rie c»s srs s"v s s gr s s s
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Source:
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Figure 7-4 A 5mm grid size ensures best accuracy of ASAME
After applying the grid pattern, the fabric is formed to shape through the
headliner thermoforming process. A sample of deformed part with grid pattern
is shown in Figure 7-5
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Figure 7-5 A part with deformed grid pattern
In the third step, a known target (or calibration) object is placed next to the
measurement area of interest. With this set up, an industrial grade highresolution digital camera is used to take pictures with at least 2 different viewing
angles of the measurement area with calibration geometry, as shown in Figure
7-6.
Calibration geometry

Figure 7-6 Two viewing angles of a measurement area
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In the fourth step, the two photographs are digitized using ASAME strain
measurement software to extract the underlying grid patterns of the calibration
geometry and the deformed part as shown in Figure 7-7.

Digitized grid pattern

Figure 7-7 Digitized grid pattern of measurement area
These two pictures are then triangulated using photogrammetric principles to
obtain the 3D grid pattern of the finished product as shown in Figure 7-8.

Figure 7-8 Digitized grid profile in 3D
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With the knowledge of the initial underformed uniform grid size, the ASAME
software calculates the amount of strain in each of the grids on the final
deformed part geometry. A contour plot of strain thus created is shown in Figure
7-9. The corresponding tensor chart for the measurement area is also shown in
Figure 7-10.

Figure 7-9 Contour plot of strain for the measurement area
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Figure 7-10 Tensor chart of surface strain for measurement area
7.3.2. Establishing R&R of the ASAME system
Any measurement system has several compounded sources of variation. In order
to understand the effect of these variations on the ASAME system, a detailed
gage R&R study was performed. Some of the potential sources of variations the
ASAME system is susceptible to, are listed in Table 7-2
In order to address the repeatability, 5 distinct areas were chosen in a given part.
Detailed measurement was carried out in these 5 patches, producing more than
30 data samples from each measurement. From this measurement pool, 5 data
points were sampled randomly and used for R&R analysis. In order to address
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the reproducibility, the process was repeated on 2 different parts using 2
different operators.
Table 7-2 Main sources of ASAME measurement variation
Part
Forming process
Grid application process

System
Operator
Photograph
Lighting condition

Material variation

Zoom
Focus of measurement area
Floor vibration
Grid cleanup process

As a result, more than 100 data points were used in developing the gage R&R
analysis (2 operators x 2 parts x 5 distinct areas x 5 data samples). The process
was randomized at each step along the way. For example, one sequence of
measurement would be to have operator 1 working on patch 3 of part 2, followed
by operator 2 working on patch 5 on part 1. Since the measurement accuracy is
largely a function of quality of photographs taken in the measurement area, a
best practice procedure was established to govern the camera settings and light
exposures. By randomizing the actual measurement, variation in photographing
settings were properly taken into account.
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7.3.3. Gage R&R analysis
The parts used in this study were selected such that we can ensure applicability
of the gage over the entire measurement range of interest. The plot of the 50
distinct data points shown Figure 7-11 indicates that the measured data spans 5% to 15% in strain, covering the typical strain value observed in headliner
geometries.

r i - i i""'t""i "i1"";""'i'-i"f"!

a

i' :i""i i i " " r r i i i i — m r i ' i
Individual data points

i

Y'T'T""r'r r a'

t n y ^'y-i-'j rr

Figure 7-11 Individual data points cover measurement range of interest
In order to understand and decompose various sources of measurement
variation, a two way ANOVA with interaction between measured parts and the
operators was performed. The result from this analysis is shown in Table 7-3. The
results indicate that only the difference between the parts or the data point are
significant and shows that both the operator and the interaction of operator and
data points are insignificant.
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Table 7-3 Results from two-way ANOVA for gage R&R
Source

DF

SS

MS

F

P

Point

49

9955.49

203.173

852.436

0

1

1.13

1.131

4.745

0.031

Repeatabilty

149

35.51

0.238

Total

199

9992.14

Person

The group plot of measurement values from both operators is shown in Figure
7-12. By closely examining this plot, we find that the difference in measurement
between the two operators to be statistically insignificant.

E
2
w
£

15

5
-5
Operator 1

Operator 2

Figure 7-12 Measurement difference between operators is insignificant
As summarized in Table 7-4, the standard deviation, a measure of the total
variation in strain observed from the 100 data points is about 7.14%. Out of this
variation, more than 99.5% is attributed to the natural variation between the
points. This variation is expected from the physical differences in the part
geometry. As illustrated in Figure 7-13, the total variation contributed by the
repeatability and reproducibility of the gage was found to be only about 0.5%.
Therefore, the ASAME system is determined to be very accurate and reliable to
measure the surface strain of the formed headliner parts.
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Table 7-4 Summary of variations by different sources

Source
Total Gage SUR
Repeatability
Reproducibility
Person
Part-To-Part
Total V a r i a t i o n

VarCorro
0.2473
0.23S3
0.0089
0.0089
50.7337
50.9810

Source
Total Gage R&R
Repeatability

s t d D e v

Repr©dueibi1i t y

Person
Part-Tc-Part
Total V a r i a t i o n

0
0
0
0
7
7

%Contribution
(of VarComo)
0 49
0 47
0 02
0 02
99 51
100 GO

( s o )
4 9 7 2 6

43821
09448
09448
12276
14010

Study Var
(6 * SD)
2.9836
2.9292
0.5669
0 . 5 6 6 9

42.7366
42.8406

%Study Var
{%SV)

6.96
6.84
1.32
1.32
99.76
100.00

Number of D i s t i n c t Categories = 20

Components of Variation

ioo S

«

2
v
a.

i % Contribution
I % Study Var

508

0»

Gage R&R

Repeat

Reprod

Part-to-Part

Figure 7-13 Components of variations in ASAME measurement
7.3.4. FEA correlation plan
In order to understand the true predictability of the thermoforming FEA, the
model must be extensively tested and correlated against as many use cases as
possible. However, the efforts required to conduct correlation on a single project
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governs the practical limitation on the number of cases to correlate. The
following process was followed in establishing correlation for each case:
1. Apply grid pattern on about 10 fabric samples using screen printing
technology
2. Perform ramp up operation to set up manufacturing process
3. Produce at least 10 test parts after establishing the process
4. Conduct a 50 piece experiment run
5. Within the 50 piece run, randomly produce 10 parts with gridded fabric
6. For each gridded part, measure strain on at least 5 - 7 distinct design
features as shown in Figure 7-14
7. For each part and design feature combination, randomly choose 6 strain
data points
8. Conduct FEA analysis of the process
9. Extract strain from FEA results at predetermined distinct design features
10. Correlate the resultant 60 strain data point against data points from FEA
model
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Figure 7-14 Selected design features to measure strain
The correlation study on a single project is a very large undertaking. In order to
illustrate the magnitude of this study, the various efforts required for each step is
summarized in Table 7-5. Each correlation study, on an average takes about 35
business days to complete, requires about 140 man hours and costs around
$13,000 from start to finish.
Table 7-5 Efforts breakdown for a correlation study
Lead time, days

Man hours

Total cost, $

1. Grid fabric

10

8

1200

2. Ramp up process

15

4

650

2

600

3. Establish process

4

2000

5. Measure strain

5

60

4000

6. Conduct FEA analysis

5

20

1500

16

1200

4. 50 piece run

7. Extract data points from FEA and Part
8. Perform correlation analysis

35

Total

97

24

1800

138

12950

Given the magnitude of efforts required, a correlation matrix with list of test
cases was developed with the objective to maximize the learning on FE models'
performance while minimizing the total efforts. As a result, 4 distinct vehicle
programs were chosen:
•

Small sedan

•

Midsize sedan

•

Midsize SUV and

•

Cross over SUV

These four projects cover the extreme cases of complexity associated with design
features and choice of Bill Of Material (BOM). Correlation analysis was
conducted by regressing the predicted strain value from FEA (x-axis) against the
actual measured strain value (y-axis). A very good correlation of more than 90%
was observed on almost all the cases, as summarized in Table 7-6. The correlation
plot for small sedan, midsize sedan, midsize SUV and cross over SUV are shown
in Figure 7-15, Figure 7-16, Figure 7-18 and Figure 7-17 respectively.
Table 7-6 Summary of correlation study - R 2 value
Design Feature
Sunroof A-Piltar

C-Pillar

Small Sedan

90%

87%

Midsize Sedan
Midsize SUV

96%

N/A

98%

Cross-over SUV

94%

93%
82%

Overhead

D-Pillar
N/A

Grab Handle
95%

Front

Sunroof-Rear

Console

92%

95%

96%

98%
N/A

96%
98%

86%
N/A

92%
N/A

96%

N/A

97%

95%

94%

98

90%
N/A
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Figure 7-15 Correlation plots for small sedan
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Figure 7-16 Correlation plots for midsize sedan
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Figure 7-18 Correlation plots for midsize SUV
The overall correlation in the range of 88% - 96% was observed between strain
predicted by FEA and measured from actual part for all the cases studied.
Therefore, the model is deemed to have very high accuracy in the ability to
predict part strain, and thereby, the associated forming issues. With this
confidence in the model, per iFEA strategy, the thermoforming FEA can be used
as a pro-active tool to aid headliner product development process.
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CHAPTER 8
KNOWLEDGE MANAGEMENT USING iFEA
8.1. Introduction
In the previous chapter, the FEA of thermoforming process was proven to work
with a very good accuracy. Using the FEA as a predictive model, for inability of
headliner can be accurately and proactively assessed. An assessment process
only indicates whether satisfactory performance requirements are met and does
not provide indication on how to fix an issue or arrive at a satisfactory level of
quality. By suitably incorporating knowledge management into predictive FEA
of thermoforming as shown in Figure 8-1, we can not only learn whether
performance criteria are met, but also identify ways on how to improve these
criteria. When done right, incorporating KM concepts can lend itself to reduced
number of FEA performed to assess part performance. By leveraging the
predictability of iFEA along with intelligence developed from KM, one can get
smarter in designing headliner geometry and processes, lending to a leaner
product development process through optimal number of FEA assessment
activity. Also, the predictive accuracy in iFEA lends itself to a powerful source of
information generation - iFEA can act as a "virtual laboratory" where several
experiments can be carried out at the fraction of efforts required to conduct
physical experiments.
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8.2. A framework for knowledge management from FEA data set
Concepts and applicability of knowledge management spans multiple disciplines
over a wide variety of business and scientific problems. Therefore, it is necessary
to define a framework to apply iFEA and to focus on the proper domain within
the disciplines of knowledge management. Per [Jetter 2006] the comprehensive
overview of various knowledge management activities and sources pertaining to
a new product development process is shown in Figure 8-2. Given this
comprehensive framework, all knowledge management activities associated with
explicit knowledge as the source is deduced to be focus domain for iFEA for the
reasons discussed below.
8.2.1.Tacit knowledge
Tacit knowledge can be referred to knowledge obtained from sources
where knowledge is known to reside. For example, a trusted subject matter expert
is expected to know more insights about a particular field. Nurturing is a key
source of knowledge collection associated with tacit knowledge. For example, a
subject matter expert is exposed deeper and deeper in a particular field such that
his depth of understanding can be leveraged to a greater degree. Some of the
pros and cons of this source of knowledge include:
•

Knowledge source could be dormant and harder to extract

•

In order to identify a credible knowledge source, we need to explicitly
assign subject matter experts.
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Figure 8-1 KM plays key role in iFEA advanced design cycle
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Figure 8-2 Role of iFEA in KM framework
•

Knowledge must be nurtured through expensive experimentation and
relatively passive activities such as knowledge sharing sessions, book of
knowledge, discussion groups, etc.

•

Efficiency of the knowledge accumulation and dissemination is a function
of communication network within the organization.

•

Quality of knowledge is susceptible to psychological and organizational
cultural parameters such as risk aversion fear of losing job or other
punishment and incentive structure.
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8.2.2. Latent knowledge
Latent knowledge can be referred to knowledge obtained from sources
where we expect that there is a potential knowledge to be unearthed but do not
necessarily have very high confidence on the information collected at the
individual level. Example of utilizing latent knowledge include asking a group of
injection molding machine operators to root cause process defects and derive a
generic solution plan. This elicitation process is based on asking the group of
interviewees the right question to unearth the information from the group of
operators. The operators are asked to rely on what they think they know and not on
a proven scientific method to back up their answer. This process is highly useful
when scientific experimentation is prohibitively expensive, inconclusive or
simply not an option. However, it is a very hard, long and tedious process to
assimilate a group of interviewees, set up a survey mechanism to facilitate an
elicitation process and perform suitable statistical process to come up with
validated, reliable and accurate knowledge rules.
8.2.3. Explicit knowledge
Explicit knowledge represents the most comprehensive form of all
knowledge sources. It's treated as one of the purest form of knowledge. Explicit
knowledge sources are most reliable and accurate - yet, very hard and most
expensive to collect of all the three forms of knowledge sources.
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The reason it is the best of all knowledge sources hinges on the fact that
the knowledge is collected through a validated, robust scientific experimentation
associated with a natural observation of the phenomenon. In other words,
explicit knowledge is collected "at the field" using a rationale process and yield
irrefutable knowledge rules. These characteristics make explicit knowledge to be
best suitable as the choice for domain of focus for iFEA.
The four major types of knowledge management activities under the span
of explicit knowledge sources are illustrated in Figure 8-3. The impact of
development work done through iFEA on each of these activities is explained in
subsequent sections in this chapter.
Explicit knowledge

Transfer of
knowledge

Assesment

Codification

Detection

Figure 8-3 The 4 main activities with explicit knowledge sources
8.3. Knowledge codification through iFEA
Codification is a process of creating generalized knowledge rules and confining
the zone of its applicability. Therefore, codification acts as the "brain" behind the
explicit knowledge source for a given field. A variety of statistical tools and
mathematical procedures are used to mine a data set associated with the given
problem to codify scientifically sound knowledge rules. For example, a simple
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linear regression with acceptable R 2 value can be considered as a "codification"
exercise. The applicability of such a regression equation will be more accurate
within the range of data used as an input to the model. The accuracy will
diminish as we extrapolate the model outside the data range used to build the
regression. Given this limitation of any mathematical procedure and statistical
tool used to codify a data set, four main codification categories emerge based on
the similarity between the data set used to codify knowledge and data set against
which the knowledge rule is expected to predict and hold good. These four
categories, as adapted from [Faran 2006] are illustrated in Figure 8-4. This simple,
yet, very powerful chart acts as a guiding mechanism in choosing proper
codification technique for a given knowledge management problem as follows:
• Abstraction: Refers to a codification process used to generate knowledge
rules when the data set used to build the model has very little or no-similarity to
the data set against which it is intended to be applied.
• Structuring: Refers to the codification process used to generate knowledge
rules when the data set used to build the model has low or below average
similarity to the data set against which it is intended to be applied.
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Figure 8-4 The 4 codification categories and their applicability
• Prescribing: Refers to a codification process used to generate knowledge
rules when the data set used to build the model has medium or about the
average similarity to the data set against which it is intended to be applied.
• Embedding: Refers to codification process used to generate knowledge
rules when the data set used to build the model has very high or near perfect
similarity to the data set against which it is intended to be applied.
As each codification method requires meticulous selection and execution of
appropriate statistical tool, it is necessary to optimize the codification activity
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based on the intended goal and stated objective. For example, per the similaritycodification type chart, it is very inefficient to build and utilize abstraction rules
when the data set used to build these rules are highly similar to the data set used
for application. On the other hand, embedding knowledge rules are shown to be
ineffective when there is very little or no similarity between the "build" data set
and "application" data set.
Understanding the four main codification activities and its applicability through
the similarity - type chart is crucial for this dissertation. Per this understanding it
is clear that there is a wide range of data collection and knowledge codification
for a given knowledge domain such as thermoforming headliners. This
understanding also highlights the need for proper selection of appropriate tools
and codification method to optimally address the underlying knowledge
management problem. This understanding also manifests the need to have an
extensive physical testing and experimentation required to satisfy data collection
and validation requirement by the four codification methods. One of the major
developments of this dissertation is to use the iFEA of headliner thermoforming
as a "virtual development environment". With this virtual development
environment, data collection for all the four codification streams can be collected
simultaneously, efficiently, reliably and accurately.

Ill

8.4. iFEA as a virtual development environment
The impact of this dissertation and iFEA on the jthermoforming body of
knowledge can be illustrated as shown in Figure 8-5. As explained in the
literature review [Peachey 2007] the body of knowledge in a particular field
evolves through research focusing on 4 main quadrants:
•

Quadrant 1: Field studies and experimentation that takes place in realistic

environment. Researchers collect unobtrusive data from the actual phenomenon
in order to verify or justify the need for new theories.
•

Quadrant 2: Researchers use laboratory experiments and experimental

simulations to study the desired phenomenon. Though the experiments and
simulations are carried out in an artificial setting, some context of realism is
maintained. Primary reason for choosing experimental simulations is to precisely
measure the data associated with the phenomenon.
•

Quadrant 3: Research in this quadrant focuses on generalization of the

theories, usually developed in Quadrant 2. Judgment task, one of the research
tools used in this quadrant, focuses on choosing few representative sample cases
for correlation, the careful selection of which, will yield generalization of
applying the underlying theory.
•

Quadrant 4: In this quadrant the focus is on developing formal theories

and frameworks that are refined from work done in quadrant 1 - 3 . The primary
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objective of such activity is to arrive at a greater population generalization than
those are achieved through quadrant 3.
The body of knowledge of a particular field can be said to evolve in a "spiral"
configuration as new findings are made from researches focusing in each of the
four quadrants.
Using this framework, the body of knowledge for thermoforming headliners
prior to this dissertation on iFEA primarily stemmed from actual tool trial and
errors, as shown near the center of the evolution spiral in quadrant 1 in Figure
8-5. The expansion of body of knowledge in this domain was hampered for
several years, if not decades, as there were many unknowns in the process. Huge
knowledge gaps on root causes and tools available to correct process issues such
as wrinkles and blow outs stemmed from lack of validated formal theories.
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Quadrant 1
Field E x p e r i m e n t

Experimental Simulation

Quadrant 4
Formal theory/Framework

Quadrant 3
Judgment Task

Quadrant 2

Source: [Peachey 2007]

Figure 8-5 Impact of iFEA on evolution of body of knowledge
From the actual field observations of thermoforming process, this dissertation
launched on a quadrant 2 research and iFEA hot stretch test method was
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developed. This test method expanded the body of knowledge by successfully
capturing the material behavior during the thermoforming process.
With this success, a quadrant 3 research was conducted to develop and validate a
simple thermoforming FEA simulation using prototype geometry. The high
success rate enabled the launch a quadrant 4 research focused on a full blown
FEA to model thermoforming process in the realistic processing conditions.
With this step, research activities were successfully completed on all the four
quadrants thereby, moving the needle on the thermoforming FEA by a complete
360°.
Most analysis based research tools stop their contribution after a full 360°
contribution to the body of knowledge. However, one of the most important
contributions by this dissertation is to use iFEA to propel the evolution of the
body of the knowledge towards another circle of evolution, with a step-wise
exponential increase in knowledge base. The key enabler of this second loop of
knowledge evolution is to use iFEA model itself as a virtual development
environment.
The thermoforming iFEA model with very high predictive power can itself be
used to virtually develop observations from the "lab". By subjecting the iFEA
model to conditions that are costlier and tedious to implement in the actual
experiment, large number of quality observations can be made from the "virtual"
lab at fraction of the cost to conduct the real experimentation.
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This virtual

experimentation is further explained in details in sections 8.5 and 8.6. Once this
"virtual" quadrant 2 research is completed, quadrant 3 research can be
conducted with focus on mining the data obtained from quadrant 2 virtual
experiments. Details on data mining are provided in section 8.7 of this chapter.
With results from the data mining, quadrant 4 research focusing on codifying the
knowledge can be carried out. This will complete the second 360° evolution of
the thermoforming body of knowledge. This can potentially pave the way for a
third loop of knowledge evolution as described in the Future Work section in
Chapter 10.
8.5. Cup tool virtual DOE set up
As explained in the previous chapter, a virtual DOE is one of the most efficient
ways to collect high quality data with lowest cost. In addition to this, virtual
DOE offers a highly favorable cost-benefit trade off - unlike physical prototyping
where complexity and flexibility of the tooling requires costlier tools and longer
lead time, such set ups can be made on-the-fly using virtual DOE models.
Therefore, tooling for the virtual DOE can be chosen based on the ability to learn
most about the process.
An ideal geometry for the virtual DOE should be versatile enough to be able to
provide the most information about the thermoforming process. In order to
determine one such geometry, input variables in to the model are categorized in
to 3 levels based on the variable - flexibility:
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Level 1: Variables that can be changed to affect part and process
performance in a positive manner without changing part design
Level 2: Variables that can be changed in design without sacrificing design
intent/ styling/ craftsmanship requirements
Level 3: Variables, changing which will significantly affect the design
intent/styling/customer requirement
8.5.1. Variable selection
The list of headliner thermoforming variables to be used in the virtual DOE that
belong to each level is shown in Table 8-1. Presence of several level 1 variables
indicates the freedom we have in modifying the process window to successfully
form a part. On the other hand, the number of level 3 variables far outweighs the
number of level 2 design variables. This indicates that the part design is highly
cared by the customer and is rather difficult to change without significant
reasoning. These level 3 variables also justify the need for explicit knowledge
codification such that design feedback can be provided in a timely, decisive
manner.
Table 8-1 List of variables for virtual DOE
Level 1
Level 2
Level 3 .
Inside Radius
Plan Radius
Material
Draft Angle
Blank Size
Waterfall Radius
Edge Constrain
Depth of Draw
Interface Friction
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8.5.2. Geometry selection
The cup tool shown in Figure 8-6 is conceived to be one such geometry that
captures the effect of all three levels of variables. This model is simple enough to
construct, versatile enough to accommodate high-low DOE levels and robust
enough to capture the complex interactions in the actual process.

o
1. Plan radius/ diameter
3. Waterfall radius

2. Draft angle^

5. Depth of draw

4.1nside radius
Figure 8-6 Cup tool geometry for virtual DOE
8.5.3. DOE factor level selection
The objective of this DOE is to codify knowledge rules associated with
thermoforming headliners. Two ways the DOE can manifest knowledge
codification include helping understand the sensitivity of various design and
process variables, impact of interaction among various variables on the process
output. Therefore, it is imperative to choose the number of levels for each factor
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in the DOE, and also the magnitude of each level to be set up to reflect the
extreme and average values. With this objective, rationalization behind factor
level selection for the virtual DOE variables is described below:
Plan radius:
Plan radius of a sunroof in a headliner governs the size of the opening and
therefore, the amount of sun light that can enter through the opening. Tighter,
smaller radii are preferred as there is an inverse relationship between the radii
and the size of the opening. Plan radius on the grab handle pocket, on the other
hand, governs the size of the hand that can comfortably fit into the pocket.
Therefore, larger radii might be desired by the customer. Given the opposite
need for the plan radii based on the location on the part, two extreme levels of
plan radius are deemed appropriate for the virtual DOE. These values were
determined to be 50mm and 75mm based on a survey of past designs and
customer expectations trend.
Draft angle:
Draft angle, especially in the sunroof and overall in a headliner, plays a key
role in defining the style of the geometry. For example, steeper draft angle closer
to vertical wall are preferred for craftsmanship reasons as they result in a tighter,
sharp features in the part. However, vertical walls result in a die-locking
condition and required costlier tooling actions to form. Therefore, a two factor
level was deemed appropriate for the draft angle, with 90° vertical configuration
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as the worst case level. A generous 100° draft angle was chosen for the high-level
for the DOE, based on the survey of various existing headliner designs.
Waterfall radius and Inside radius:
Waterfall radius is readily perceived by the end customer and it is a design
featured on the "show" side of the part. Inside radius on the other hand, are not
seen by the customer and are featured into the part for design integrity. A
sharper waterfall radius is desired by the customer for craftsmanship reasons.
While the theoretical lower bound of this radius will be 0mm, indicating a
"sharp" corner, it is both infeasible to form and also undesirable to tool for
structural and safety purposes. Therefore, a 3mm radius is considered to be the
practical lower limit on the radius and it is used as one of the factor levels in our
virtual DOE. The upper bound is determined to be a generous 20mm, by
extrapolating radius on various existing headliner geometries.
Material:
Selection of material in an actual headliner product development process is
largely based on the structural rigidity requirements on the overhead system. For
example, headliner for a small sized vehicle with few attachments on the
overhead system can use a lower density material compared to a larger vehicle
with more overhead modules such as DVD entertainment system. Therefore, two
factor levels for materials are chosen with a low density (900gsm) and high
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density (lOOOgsm) from the list of materials already evaluated in the iFEA
process.
Blank size:
Blank size determines the amount of material available to form a design
feature and therefore, governs the amount of stretch in the part. One of the lower
bounds on the blank size is when the initial blank area is equal to the true area of
the final part, resulting in a theoretical 0% strain or stretch-free forming process.
A square blank of 300m represents this lower bound. The upper bound for a
blank size would be when the area of the initial blank size far exceeds the final
true area of the part. In our case, a square blank of 4000mm is chosen as the
upper bound for blank size in our virtual DOE.
Edge constraint:
Edge constraint is a special type of process variable that has great influence
on the final part quality. This can be treated as a continuous variable as it is
theoretically possible to have infinite number of combinations to control how a
blank can be fixed during the forming process. Therefore, to simplify and yet,
capture the true sensitivity of this variable, three levels are chosen. The lower
bound of edge constrain is to have no constrain on the sheet at all. The upper
bound is to completely constrain all the four sides of the blank, such that it
stretches the most. An intermediate level was added where two opposite sides
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are constrained, while allowing the other two sides to freely flow and form into
the shape.
Interface friction:
The headliner thermoforming tool is typically made up of polished tool steel
surface. From the experiments, and iFEA correlation, the friction coefficient of 0
was determined to be appropriate as a lower level. There may be instances where
it is desirable to increase the surface roughness of the tool in order to impart
some tension on the material. A friction coefficient of 0.3 was deemed
appropriate to represent this increased surface roughness on the tool.
Depth of draw:
The amount of draw in a headliner varies by the design feature. The pillars in
the headliner, for example, have the most depth of draw, followed by the sunroof
openings and the grab handle, overhead console areas with the least depth of
draw. Therefore, it is necessary to have at least three factor levels for this
variable. Depth of draw of 20mm, 40mm and 60mm was determined as factor
levels based on survey of distinct design features from several existing
headliners.
The selection of factor levels for the virtual DOE variables is summarized in
Table 8-2.
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Table 8-2 Factor levels used in virtual DOE
Factor
Plan radius, mm
Draft angle, deg
Waterfall radius, mm
Inside radius, mm
Material, gsm
Blank size, mm
Edge constrain, #sides
Interface friction
Depth of draw, mm

Level 1
50
90
3
3
900
300
0
0
20

Level 2
75
100
20
20
1200
4000
2
0.3
40

Level 3

4
60

8.5.4. Establishing virtual DOE run matrix
The intent of the virtual DOE exercise is to create a comprehensive data set
which can be mined for explicit knowledge codification. Therefore, a full factorial
run was deemed appropriate for the virtual DOE analysis. The 4 cup tool design
variables are separated from the factors table. These 4 design variables at 2 levels
yield a total of 16 different cup geometries. The remaining combination of three 2
level factors and one 3 level factor yield a total of 24 run settings. The full
factorial DOE run matrix plan is obtained by combining the 16 cup designs with
24 other simulation settings for a total of 384 runs as shown in Table 8-3. For each
run, simulation will be carried all the way to the 60mm depth of draw. During
each run, the simulation is also capable of providing intermittent output at
20mm and 40mm depth of draw. Therefore, the 384 runs collectively provide
data corresponding to 1152 unique DOE settings.
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Table 8-3 The 384 run combinations for virtual DOE
Process variables
4 factors; mixed levels = 24 settings

Cup tool design
4 factors; 2 levels = 16 geometries

Cup
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Plan radius, Draft
In out
Waterfall
mm
angle, deg radius, mm radius, mm
50
10
3
3
75
3
10
3
50
90
3
3
75
90
3
3
50
10
20
3
75
10
20
3
50
90
20
3
75
90
20
3
50
10
3
20
75
10
3
20
50
90
3
20
75
90
20
3
50
10
20
20
75
10
20
20
50
90
20
20
75
90
20
20
62
5
10
10

DianK size, cage constrain,

K

Run Material
1
900
2
900
3
900
4
900
5
900
6
900
7
900
8
900
9
900
10
900
11
900
12
900
13 1200
14 1200
15 1200
16 1200
17 1200
18 1200
19 1200
20 1200
21 1200
22 1200
23 1200
24 1200

mm
200
200
200
200
200
200
400
400
400
400
400
400
200
200
200
200
200
200
400
400
400
400
400
400

# sides

0
0
2
2
4
4
0
0
2
2
4
4
0
0
2
2
4
4
0
0
2
2
4
4

Friction
0
0.3
0
0.3
0
0.3
0
0.3
0
0.3
0
0.3
0
0.3
0
0.3
0
0.3
0
0.3
0
0.3
0
0.3

8.6. Virtual DOE results
The pictorial result from a typical virtual DOE run is shown in Figure 8-7. As
explained in previous chapters, the FEA provide a wide variety of point based
(nodal) and area based (elemental) results such as displacement, stress, strain
etc.. Of these result fields, major and minor strain values are the only variables of
interest.
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. 384
"runs

Draw Depth 2 0 m m

^

_ N -.
y-

Draw Depth 6 0 m m

Figure 8-7 Virtual DOE FE result at various stages of forming
The FEA can provide these results across the entire cup tool geometry. Majority
of the physical creases occur in the transition of "flat" area of the tool to the deep
drawing area. Therefore, the location marked "waterfall radius" in Figure 8-6
offers a rich location to obtain strain results. In order to successfully extract
results consistently from this area on all 1152 run conditions, there are two main
challenges to overcome:
•

The FEA tool output results on an element by element basis and not by
region of interest. Since different run conditions will have different
"elements" in the region of interest, a customized routine is required to
extract the desired results

•

The need to extract results for 1152 conditions is a very long and tedious
process. An automated script is required to streamline this process
efficiently.
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Both of these challenges were overcome by developing a custom "post
processing" utility. The purpose of this utility is to identify the elements within
the region of interest, as identified by the red box shown in Figure 8-8. Once a
FEA run is completed, the results for all the elements are written out into a text
file at appropriate depth of draw. The macro is then launched which sequentially
goes through each run directory, adjusts the coordinates for the region of interest
based on the run condition and extracts strain results for elements inside the
region of interest.

•The cube defines region of interest around the radius
•Simulation output is processed to extract elements within this cube
•Major ( Y 1 ) and Minor(Y2) strains for these elements are extracted

Figure 8-8 Data extraction from virtual DOE FE results
On an average, for each run, 15 sets of strain values were extracted. An excel
based database was created. Strain values, and corresponding run conditions
were recorded as shown in Figure 8-9. A total of about 20,376 strain data pairs
were collected from this virtual DOE exercise.
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Figure 8-9 Snapshot for virtual DOE strain database
8.7. iFEA knowledge codification: Data mining and analysis
With the comprehensive database of about 20,000 data points, data mining was
performed along four knowledge codification categories introduced earlier in
this chapter. The DOE was analyzed using a general full factor model including
all the variables. The biggest advantage of performing such a large scale virtual
DOE is in the ability to easily understand the effect of even the higher order
interactions between the variables. Per the ANOVA results shown in Table 8-4
both main effects and 2-way interactions used in the model for minor strain were
found to be significant in the model.
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Table 8-4 ANOVA results for full factorial DOE analysis
Analysis of variance for Kinor (coded units)
72. 6-5
47.90
96.04
io 53.96
>& 32. OS

vain Effects

2-way i n t e r a c t i o r
R e s i d u a l Error-

Lack of Fit
Pure E r r o r
Total

5. 075,'2
1.33042
0.00472
0.06320
0.00166

0

8.7.1. Extracting knowledge rules for "prescribing"
In

order

to

generate

"prescriptive"

knowledge

rules,

the

knowledge

management question was framed as "what are the statically validated
significant casual relationships between the DOE factors and the output strain".
The answer to this question was obtained by performing a linear regression with
all the main effects and 2-way interaction between the variables. The resulting
model had a fit with R2adj value of 58.95%. The effect of each variable on the
minor strain is shown in Table 8-5.
Table 8-5 Factor effects on minor strain
Factor

Effect on minor strain

Plan radius, mm
Draft angle, deg
Waterfall radius, mm
Inside radius, mm
Material, gsm
Blank size, mm
Edge constrain, #sides
Interface friction
Depth of draw, mm

-0.41%
0.36%
0.02%
-0.56%
-0.09%
0.12%

9.98%
47.12%
0.13%

The following key insights can be drawn as prescriptive knowledge rule:
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•

Interface friction is the single most influential variable in increasing minor
strain and reducing the risk for wrinkle

•

Edge constrain is second most influential variable to avoid wrinkles

•

Increasing the draft angle, depth of draw, blank size and waterfall radius
should be considered, in the given order, to resolve a wrinkle issue

•

Decreasing inside radius, plan radius and to some extent, material density
should be considered, in the given order, to resolve wrinkle issues.

In addition to understanding the effect of individual variables, the interaction
plots between the variables shown in Figure 8-10 provides additional insights on
the ability to further refine our understanding on the net impact of each variable
given the "context" of other variable levels.
Interaction Plot for Minor Strain
Data Means

Friction

Figure 8-10 Interaction plot for minor strain using full factorial analysis
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The following additional key insights can be drawn as prescriptive knowledge
rule:
•

Edge constraints, depth of draw, in out radius and material choice tend to
interact with all the variables.

•

All other variables have no apparent interaction with rest of the variable
groups.

These key insights offer huge advantage in making design decisions as it
provides answer to the question when we look into changing a given factor level
per Table 8-5, to what extent the effect is subjected to level of other factor ?
8.7.2. Extracting knowledge rules for "embedding"
The prescriptive knowledge rules developed in previous section was expanded
to determine "theoretical" extreme values a part design must adhere in order to
avoid wrinkle issues. These extreme values form knowledge rules that must be
"embedded" onto any design as violating these rules will result in wrinkle issues.
Such knowledge rule was developed using "plan radii" and "depth of draw" as
main variables of interest. In a given design, these two variables primarily dictate
shape and style of the part feature. Therefore, it is essential to understand the
associated constraints. First, a draw ratio was defined to relate plan radius and
depth of draw as shown in
,

draw ratio =

Equation 8-1.
Plan radius

-———

Depth of

draw
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_ ^

Equation 8-1

In order to determine the critical draw ratio, other variables were set at their
typical level. The regression equation obtained from the DOE was then used to
generate minor strain values for all the combinations of plan radius ranging from
5mm to 75mm and the draw ratio ranging from 0.5 to 6. The predicted minor
value table shown in Figure 8-11 was used to deduce the minimum draw ratio
required for a given plan radius to avoid a negative minor strain or risk for
creases.
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Figure 8-11 Predicted strain for plan radius - draw ratio combinations
From this table, two main knowledge rules can be extracted, which must be
embedded or should not be violated on any design:
•

Any draw ratio is permitted for features with plan radius 30mm and
below
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•

Plan radius of more than 50mm shouldn't be permitted on any design

•

For plan radius value between 30mm and 50mm, the minimum draw ratio
given in the critical ratio plot must be followed as shown Figure 8-12.
Critical ratio
60

Figure 8-12 Critical ratio of plan radius to depth of draw
8.7.3. Extracting knowledge rules for "structuring"
Structuring knowledge rules are most useful and effective when the situation
where we apply the knowledge rule is ambiguous enough and has about average
or below average similarity with the situation from which the knowledge rules
were extracted. For example in the headliner iFEA process, projects in the very
early stage may not have clearly defined product, process and material
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specifications. Moreover, there might be considerable lead time before proper
input can be generated to conduct an iFEA with all the relevant parameters. In
such situations, a set of validated "assumptions" can be of great help to develop
an initial understanding of the product, even in the absence of accurate input
variables. These validated simplifying assumptions can also be termed as
"framework" or "structuring" knowledge rules that act as a "guideline" for
expanding the application of iFEA to situations that deviate from the analysis.
A framework can be developed based on the virtual DOE variable impact
summary provided in Table 8-5. Per this table, we find that the impact of
material property on the minor strain is very less (about -0.09%) and therefore,
ranks lowest among the list of influential variables. Likewise, from the design
stand point, waterfall radius ranks lowest with minimal impact (0.02%) on the
minor strain. On the other hand, from the processing condition stand point,
material constrain has very high impact on minor strain (9.98%).

Design

variables such as inside radius and plan radius have very high impact of -0.56%
and -0.41% respectively. Therefore, it's important to have a crystallized view of
these variables while performing initial "screening" iFEA on the product.
Thus, the "structuring" knowledge rules extracted from virtual DOE analysis are:
•

In the absence of correct material property, a closely matching material or
material property for any material within the given family of material
type can be used for initial analysis
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•

An accurate description of material constraint method is crucial to
understand product-material-process performance

•

Waterfall radius need not be finalized to perform initial screening of the
product

•

Plan radius and depth according to critical draw ratio must be finalized as
soon as possible

•

It is necessary to have accurate material characterization of the right BOM
to predict results that can be directly correlated to the process being
simulated

Since the goal of these structuring rules are to guide the iFEA process and not
make a clear cut decision, a flow chart shown in Figure 8-13 is suggested to be a
preferred way of communicating these rules.
8.7.4.Extracting knowledge rules for "abstraction"
As mentioned before, abstraction knowledge rules are most useful and effective
when there is less or below average similarities between the data set we extract
the knowledge rules and the data set to which we apply those rules. In the
context of iFEA of thermoforming, we can define this as rules - that are
"generally" applicable to any process that involves composite sheets, stretch
forming either at ambient or higher temperature.
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Figure 8-13 Flow chart with structuring knowledge rules
The success and reliable prediction by the developed thermoforming iFEA is the
primary motive for generating abstractive knowledge rules. The success with
predictability over a vast range of material, geometry and processing domain
naturally lends to the question: what is the limit of the model? How can the
model be extended to other situations?? Given this context, results from the Hot
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Stretch Test across various materials and data from virtual DOE are synthesized
to the following generalized rules:
•

Major and minor state of surface strain at a given location on the material
determines the tendency to form a good part or with issues such as
wrinkles and blow-out.

•

A part tends to develop wrinkles when for a given positive major strain,
the negative minor strain exceeds the material's critical limit, causing the
material to buckle and create wrinkles

•

A part tends to blow out (or tear) when the positive major strain exceeds
certain failure limit of the material.

•

In determining the part characteristics, the state of surface strain is the
most influential and not the physics by which the state of strain was
achieved.

The last knowledge rule is the most powerful and ambitious claim as it
dramatically opens the door to adapt thermoforming iFEA for a wide variety of
applications such as:
Vacforming process
This process is similar to headliner thermoforming in a way that
composite sheets are formed at high temperature by stretching into desired part
shape.

The

process

however,

is

drastically

thermoforming in the following aspects:
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different

than

headliner

Material: Composite sheets used for thermoforming are very thin (around
3 mm) compared to initial layup thickness (5-6mm) for headliners. The BOM for
vacforming is almost always a single layer where as in headliner forming, a
substrate and fabric are bonded during the process.
Process: Majority of the dissimilarities between vacforming and headliner
thermoforming stems from the way process is set up. Unlike headliner forming
where a top tool is used to squeeze the material into shape of the bottom tool, in
vacforming only the bottom tool is used. An airtight seal is created between the
hot sheet material and the bottom tool. By drawing the air out the space between
the bottom tool and the sheet, the sheet is formed in to the shape using vacuum
pressure.
Mold behind process
This is a modified version of traditional injection molding process. In this
process, a composite sheet is place in the ejector side of the injection molding
tool. By injecting directly behind the composite material, plastic parts are
produced with aesthetic "show" surface. By bonding the composite skin layer
during the injection molding process itself, secondary assembly process to glue
the skin

onto a plastic

substrate

is avoided. The similarity

between

thermoforming headliners include stretching the thin composite sheet to shape of
the injection molding tool. Dissimilarities include, stretching the composite
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material using hot melt polymer and all the material characteristics identified
under the vacforming process above.
Fabric wrapping process
A wide range of room-temperature stretching processes are used to cover
a range of automotive interior parts with patterned skin layers. For example,
applying seat cover over the seat cushion foam, wrapping cloth over the arm rest
etc.. The similarities between these process and thermoforming headliner
includes stretching the material to its finished state. However a wide range of
material and process dissimilarities exists between fabric wrapping process and
thermoforming headliners. One such dissimilarity include the way material is
formed to shape: due to small nature of the part dimension and low forces
usually required to stretch the material to shape, mechanical "fingers" or even
manual processes are used to stretch the material to its final shape.
8.8. iFEA knowledge assessment
Knowledge assessment is a process of testing the validity of the developed
knowledge rules. iFEA of headliner thermoforming is process intensive with
meticulous involvement from design, product, process engineers and CAE
analyst. Therefore, a consistent assessment process is required to get a good
evaluation of product design, how well iFEA predicted the performance and to
correlate iFEA results to the process outcome. A streamlined assessment process
is shown in Figure 8-14.
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As per the streamlined assessment process, design engineer is first encouraged to
utilized prescribed and embedded knowledge rules in creating the tool design.
The process engineer is encouraged to provide best guess settings for the
baseline analysis. Third step is the selection of material properties. If the
specified BOM is not already characterized, per knowledge rules discussed
before, the team is encouraged to choose any BOM corresponding to the material
family (sharing similar fabric and substrate construction, but may be at different
density). If even this information is not available, the team is encouraged to
perform Hot Stretch Material characterization to obtain the accurate material
properties.
Once all the information is collected, the CAE analyst should perform the iFEA
analysis per the guidelines. The entire team should review the results for
prediction of any wrinkles or blow-out. If issue(s) are predicted, the team should
decided on a corrective action plan involving changes to the product design,
material and process settings. Any new knowledge detected from this iteration
should be updated into the list of prescriptive and embedded knowledge rules.
This process should be repeated until no issues are predicted from the analysis.
At this stage, authorization to build the tool can be made. During first set of
trials, care must be taken by the process engineer to set up the process exactly the
same way iFEA was performed. The feedback from actual part must be
correlated with iFEA prediction to enhance the understating of correlation.
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8.9. iFEA based knowledge detection
Knowledge detection is a process of extracting new knowledge rules and
enhancing the quality of existing rules. In iFEA context, knowledge detection is
possible through periodic maintenance of the results database. By extracting
design variables from each iteration and storing strain values from the analysis,
the strain database should be constantly updated with new information. With
each subsequent addition to the database, the statistical analysis process should
be repeated to understand the increase in reliability of the existing knowledge
rules.
In the initial virtual DOE, most of the variables were set to only two levels,
resulting in a simple linear model. The practical case will almost always fall
within or outside this range. Therefore, updating the model with results from
actual cases will help better understand the curvature on the impact of variable
over the predicted strain output. Also, by re-performing the analysis, it is
possible to detect new factors and interactions that are significant.
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Figure 8-14 iFEA knowledge assessment framework
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8.10.iFEA based knowledge transfer
Primary focus of a knowledge transfer activity is in determining appropriate
communication channels for proper dissemination and application of knowledge
rules. The communication channels advocated by iFEA include both active and
passive sources such as:
•

Subject Matter Experts

•

Design macro

•

Best practice guidelines

•

Results archive

These forms of knowledge transfer, together, cover the three principal mode of
knowledge transfer in the modern world: personal interaction, database and
documents.
A team of FEA analyst, product, process and design engineer should be assigned
champion of ensuring roll out and proper implementation of iFEA activity. The
team should get engaged in each project team and advocate the proper use of
iFEA techniques when appropriate. The team should also transfer knowledge
appropriately as and when the opportunities present. Each member of this expert
team should own the documentation and collection of insights from the iFEA
process in their respective domain.
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A design macro could be owned by the design engineering expert. The macro
when developed to suit the CAD software being used can incorporate the
prescribed and embedded knowledge rules.
In addition to the active knowledge transfer through experts and macro, the FEA
analyst should take the ownership to constantly update the results database and
appropriately store results from each instance of iFEA application.
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CHAPTER 9
FRAMEWORK VALIDATION: IMPACT ON HEADLINER DESIGN
The main value proposition of iFEA framework is to reduce waste during the
product development trial and error process. Therefore, the product development
process with iFEA was envisioned to be leaner when compared to conventional
design process. In addition to reducing waste, there are various benefits to use
iFEA framework. These benefits are spread across the 7 key domains in the
continuum of time-quality-cost tradeoff of a typical product development
project, as shown in Figure 9-1.

Figure 9-1 iFEA benefits 7 key areas in product development process
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9.1.1. Impact on design engineering
For a given requirement, to design either:

an entire system or design a

component in a large system, iFEA can prescribe best geometry. iFEA can
provide objective way of evaluating a set of design alternates or iFEA itself can
help generate alternates. Therefore, having iFEA will reduce the direct time spent
by design engineers in building CAD models for a given project. However, iFEA
will not directly influence the effi ciency in which these CAD models are built by
the design engineer. The efficiency to build the CAD model is largely governed
by the knowledge, skills, talent of the designer and availability of any macro or
shortcut to model a feature - these items are not addressed by iFEA.
9.1.2. Impact on product engineering
The role of product engineering is to meet customer requirements by properly
balancing the tradeoff between product geometry, material to be used and
process limitations and assembly limitations. Once an engineering brainstorming
is done, iFEA can directly reduce engineering cost by evaluating these
alternatives in the virtual environment and objectively rank alternatives, thereby
reducing costlier engineering experiments using prototypes. In addition to
reducing cost, iFEA also adds tremendous benefits by providing high quality
information, which can prove product knowledge and engineering efficiency in
future projects.
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9.1.3. Impact on tooling costs
By evaluating various engineering/ manufacturing alternates in virtual space,
tooling changes associated with only the best alternate identified by iFEA needs
to be carried out. When iFEA is utilized to its full potential, cost associated with
tool changes can be completely eliminated.
9.1.4. Impact on project management
Primary goal of a project engineer is to satisfy customer requirements by
working with internal organizational resource constrain and optimally balance
the cost, quality and timing tradeoffs. iFEA adds huge impact by helping assess
customer requirements upfront, thereby providing greater leverage for the
project engineers to optimally negotiate various dimensions of the project with
both external customers and internal resources.
9.1.5. Impact on prototyping stage
Objective of typical prototyping stage is to improve the product knowledge by
selecting material and process alternates that are less costly than final production
stage choices. If differences between prototyping and production stages are not
clearly understood, learning from prototyping stage could easily prove to be
counterproductive. By modeling actual production conditions through iFEA,
costs associated with simple prototyping can be completely eliminated. In most
cases, using iFEA, a direct leap can be made to an advanced prototyping stage
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with greater carry over to production intent environment. When full potential of
iFEA is realized, prototyping costs can be completely eliminated.
9.1.6. Impact on manufacturing costs
A common goal in a manufacturing environment is to strive for a process which
is robust enough to yield very low scrap rates across various dimensions such as
product complexity and material being used. While lean thinking and statistical
methodologies

such

as

Taguchi

designs

provide

organizational

and

mathematical foundations, a robust manufacturing process largely rests on
knowledge of key variables and understanding their sensitivity to final process
outcome. By developing a robust iFEA and validating only on the extreme cases
in the manufacturing process, sensitivity of key design variables can be
accurately calibrated in the virtual environment, thereby reducing or eliminating
costlier DOE methods on actual process. In addition to these tangible cost
reduction, iFEA provides unique insight into the process by enabling
manufacturing engineers to visualize deformation of material in a very refined
way, which is impossible in an actual production environment.
9.1.7. Business/organizational benefits
The benefits of iFEA can go beyond tangible cost reductions and provide a
sustainable competitive advantage for the business strategy itself. By positioning
iFEA as a strategy with congruency of people, process and technology, the
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product development pipeline can be streamlined such that it's maximum
benefits are true to an organization's capability, resources and culture.
9.1.8. iFEA framework validation process
In order to validate the proposed iFEA framework, it is necessary to
appropriately quantify different benefits mentioned above. It is necessary to
collect different metrics along various benefit dimensions before and after
implementing iFEA framework to clearly understand the complete impact of
iFEA in product development process. This validation strategy poses both
challenges and opportunities: some benefit data such as direct costs are easier to
collect in a typical organization. However, data associated with time spent on a
particular activity and precise short run and long run quality related scrap rates
can be hard to collect, unless explicit experimentation, time study and human
factor analysis are performed.
For the current research, the success criterion for iFEA is defined through the
direct cost reduction in the headliner product development process. As discussed
earlier, headliner product development process follows conventional design
process, providing a fertile ground for reducing direct costs associated with
prototypes by implementing iFEA. This approach is expected to capture more
than 80% of the iFEA benefits, which is deemed sufficient to show the impact of
iFEA on the product development process.
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9.2. Cost data source
For the projects to be compared, cost data was obtained directly from the product
development unit's internal cost accounting system. This system provides project
level information on a weekly and monthly basis through ought the
development lifecycle. The level of data available from this source include cost
posted by various resources across different departments engaged in the project
such as design, product, project, manufacturing, testing engineering and
ancillary support activities. Of these costs, product engineering costs is of specific
interest to us. Cost incurred in this category most directly translates into the
metric we are interested in: cost of maturing a given headliner product from
concept stage till production initiation. As mentioned in previous section, while
iFEA can directly impact cost posted by design and manufacturing engineering
activities, the data available from the cost accounting system is contaminated
with cost associated with activities that do not directly tie with maturing the
product design. For this lack of resolution in available data to decipher activity
level costs, understanding product engineering costs is deemed most appropriate
way to quantify the impact of iFEA.
9.3. Validation projects
Before inception of iFEA work, approximately 4 headliner product development
projects were completed using the conventional design process. As the iFEA
research work evolved, a total of 11 projects utilized some or all the components
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of iFEA research findings. Collectively, these 15 projects represent wide variety
of passenger cars and light trucks built for different major OEMs with wide
range of design and material requirements. Therefore, in order to understand the
net effect of iFEA on these projects, while controlling for other potential
variations in these projects, a perceptual map of these projects are created. The
principal axis considered for this qualitative method to compare the projects are
project risk (X axis) and type of the vehicle(Y axis).
9.3.1. Project risk (x-axis in perceptual map)
The project risk, represented in the continuum of low risk and high risk along Xaxis is derived based on limited qualitative information available from product
engineering. In the absence of iFEA, the only tangible resource a product
engineer had was a list of "soft" design guideline developed based on historical
process performance. A simple method was used to build this design guideline a
prototype tool was used in which the design features such as depth of draw,
radii and angle can be changed. By running different configuration of the tool
with various design dimensions, a rough-cut understanding of limitations on
draw ratio was developed. Major pitfall in this approach is that it is not
representative when features interact in an actual headliner and also, the tool
doesn't take into account of potential process optimization techniques that can
improve the formability of the given design parameters. The summary of the
design guideline analysis for various projects used for understanding impact of
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iFEA is shown in Table 9-1. The columns of this table represent the various areas
of a headliner such as front, rear corners, sunroof area, grab handle, visors and
coat hook, etc.. The color coding red indicates that per the design guideline, the
feature as it is modeled will definitely have quality issue. A green color on the
other hand, represents a feature that can be definitely produced without any
quality issue. Yellow in the color coded matrix indicate an unknown zone where
it's not evident whether the given design will have a quality issue or not. In the
absence of iFEA, this is the only risk assessment a project team can perform,
before knowing more about the product-material-process interaction through
prototyping.
9.3.2. Vehicle segment (Y-axis in perceptual map)
Y axis of the perceptual map represents the vehicle segment of the headliner.
Vehicle categories such as trucks/van/SUV usually utilize larger and deeper
headliners. These headliners also have higher durability requirement in order to
mount other overhead subsystems into the headliner. Passenger cars and sedans
on the other hand have less demanding

durability

requirement.

This

classification also helps account for variability in project cost and quality
requirements.

151

Table 9-1 Design guideline summary for various projects
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The resulting perceptual map based on the descriptions provided above is shown
in Figure 9-2. Overall, the projects can be grouped to represent 3 out of 4
quadrants in the risk-vehicle category continuum. These 3 quadrants are
medium risk trucks, high risk trucks, and high risk sedans. For every project in
these quadrants that did not use iFEA, there is a corresponding project that has
used iFEA. This distribution of projects justifies aggregating the project level data
into two groups, namely projects without utilizing iFEA and projects utilizing
iFEA.
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Perceptual map of projects compared
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Figure 9-2 Perceptual map of projects compared
9.4. The existing stage gate development process
In the previous section, justification to compare aggregate level project data was
provided based on overall project size, scope and risk level. It is also necessary to
consider people-process-methods continuum in actually implementing these
projects in order to completely understand the project cost. Interestingly, all three
dimensions of a project implementation, people-process-methods can be easily
controlled for the projects of interest. All the projects considered for comparison
went through the same detailed stage-gate new product development process
detailed below.
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The stage gate product development process consists of 5 distinct phases:
•

Proposal

•

Design and development

•

Design verification

•

Production validation and

•

Launch

Proposal:
During this stage, a commercial opportunity is evaluated for its profitability. A
Simultaneous Development Team (SDT) consisting of project, product, design,
manufacturing and quality engineering team is assembled. This team evaluates
the set of customer requirements and creates a quote package.
Design and development:
Primary goal of this stage is to complete the product definition. Design
engineering, with input from product and manufacturing engineers and by
collaborating with external customer complete the surfacing of the design and
generation of bill of materials. In addition to this, a detailed plan to verify
conformance to customer requirements is created.
Design verification:
Primary goal of this stage is to ensure customer targets can be met, primarily by
conducting required tests on a prototype. Through ongoing negotiations with the
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customer and internal brainstorming session, working level of design is
constantly improved until a production intent design is reached.
Production validation:
Primary goal of this phase is to obtain the customer part approval. Using
production intent design, tooling and manufacturing settings, parts are produced
and tested. Red flag meetings are held to brainstorm any deviations from
customer requirements. Final negotiations with the customer are held before
finalizing and freezing manufacturing strategy.
Launch:
This stage begins the formal kick off of production per customer's schedule.
Through a "resident engineer" arrangement, ongoing quality issues with the
manufacturing strategy are dealt through ought the production lifecycle.
During each stage in the product development process, a detailed responsibility
matrix is provided as a guideline for all the participating departments. A
detailed milestone review sessions are held through ought each phase. A final
sign off is made by department leadership based on conformance of project
deliverables to the stated milestone objectives. A detailed contingency plan is
created and signed off by the leadership team for any deviation from the stated
objective.
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9.5. Cost reduction results from iFEA
With the understanding of the product development process, working of the
simultaneous development team and sign off by the leadership team is critical to
deduce the effect of variability in experience, talent, knowledge and skill set of
individual engineers who worked in the projects considered of comparing the
impact of iFEA. From understanding that the overall method and process taken
by various project team is the same, an aggregate analysis of project level data
can still be performed to analyze the impact of iFEA. Understanding the
variability in talent and skill set of individual engineers requires a more detailed
research at the cognitive level, an area beyond the scope of this current research.
The engineering cost for projects without using iFEA and projects with iFEA is
summarized in Figure 9-3. For the four projects without using iFEA, average
engineering cost is about $958,475 with standard deviation of $258,476. Project
costs in this category were as high as $1,275,503 and as low as $648,553.
For the fourteen projects implementing iFEA, average engineering cost is about
$201,220 with standard deviation of $165,335. Project costs in this category were
as high as $499,638 and as low as $194,168.
The mean engineering cost for projects without using iFEA is about $958,475
compared to mean engineering cost by using iFEA of about $201,220. As
described in earlier sections, considering the people-process-methods continuum
in the headliner product development process, only significant change made on

the projects is in the "methods" domain, purely by iFEA. As indicated before, the
"process" domain is fixed and it controls for the "people" domain. Thus,
controlling for other potential variations between the two categories of projects
with and without using iFEA and among the projects within each category, the
impact of applying iFEA is deduced to be about 79% reduction in engineering
cost. With this significant cost reduction, we conclude that the proposed iFEA
strategy is justified to be very effective.
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Figure 9-3 Comparison of average development cost
In addition to the mean cost comparison, a plot of historic trends of development
cost of these projects also offers insights on tremendous impact made by iFEA. In
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Figure 9-4 trend of actual development costs for projects before and after
implementing iFEA is shown. Major observations from this trend plot are:
i) When conventional design process was used, there is large variability in
development cost
ii) Trend of development cost with conventional design process shows
very little reduction in cost from learning effects.
iii) In contrary to conventional process, when iFEA is used, variability in
total development cost is largely reduced.
iv) Trend of development costs with iFEA also shows a substantial
learning curve effect with reduction in mean development cost for subsequent
projects.
9.6. Application of iFEA in validation projects
In this section, detailed description of how iFEA is applied in various use cases is
provided. Purpose of this section is to show how the product complexity is
successfully managed through iFEA simulations.
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Figure 9-4 Development cost trend
9.6.1. Project 1 - Small passenger vehicle
This project was already in pre-production stage when iFEA was first applied.
During this pre-production stage, the headliner still had wrinkle issues in the
front corner of the tool. A baseline analysis was established by performing a FEA
analysis with existing material, tooling and processing conditions. As shown in
Figure 9-5 the simulation accurately captured the wrinkle issue at the front
corner of the tool.
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Figure 9-5 Baseline result for project 1
In addition to predicting the issue, for the first time, the simulation showed the
key insight on "why" wrinkles formed in this corner. The simulation clearly
illustrated the negative minor strain running in cross-car direction as the cause
for the wrinkles. With this result, an evidence based solution was suggested to
add a "tensioning" mechanism near this corner as shown in Figure 9-6.

Figure 9-6 Suggested tensioning mechanism
This mechanism was quickly evaluated by another iteration of FEA and found to
significantly reduce the risk for wrinkles, as shown in Figure 9-7. This particular
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iteration could be deemed to have explicitly saved around $3000 in cost for
updating the tool with the added tensioning plate and the trials involved in fine
tuning the set up.

Baseline

Iteration 1: Added tensionplate

Figure 9-7 Improvement after adding tensioning mechanism
While this result shows a clearly reduced risk for wrinkle, it also highlights that
the issue is not completely eliminated. In order to make further improvement,
the team decided to ask for a customer change to the surface of the headliner in
this area. As explained in earlier sections, requesting a surface change at such
later stage in the project is highly undesired by the customer. A second iteration
of FEA was performed with the proposed design changes. The results shown in
Figure 9-8 indicates that the geometry change requested by the team is
ineffective in further reducing the wrinkle risk. In the absence of iFEA to
evaluate this geometry, any effort to convince the customer on cost involved in
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updating the tooling geometry and fine tuning with actual trial would have
clearly turned out to be a futile effort.

Figure 9-8 Project 1: Iteration 2 result with geometry change
9.6.2. Project 2 - Midsize sedan
iFEA for headliner was very matured at the time of this project. As envisioned
initially, FEA analysis was performed very early in the process when the
customer provided initial information on the product design for quoting. About
3 iterations involving geometry changes were performed even before the
geometry was tentatively finalized by the customer at the project award stage.
The summary of these 3 iterations by changing the geometry and subsequent
reduction in risk for wrinkles and tearing in the geometry is shown in Figure 9-9
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Baseline

Iteration 1

Figure 9-9 Project 2: Results for early stage geometry iterations
Establishing the formability plot at the initiation of the project helped the team
set expectations on the subsequent geometry changes. By the time preproduction tooling was created, a total of 12 different versions of the geometry
were evaluated completely in the iFEA tool. Initial iterations focused on
optimizing process settings such as total tool height. These iterations minimized
and eliminated almost all the tearing failure initially predicted. The final
formability shows minor risk for wrinkles as shown in Figure 9-10
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Figure 9-10 Project 2: Final formability result
9.6.3. Project 3 - Midsize SUV
The major challenge FEA helped this project team overcome was the trade off
faced between reducing the risk for wrinkle and tearing. As explained earlier, in
order to minimize wrinkle issue, more tension must be exerted on the material in
the appropriate direction. However, over stretching of the material leads to blow
out failure. The geometry at the front corner of this tool turned out to be so
complex that any attempt to minimize or eliminate would cause tearing in the
material. As summarized in Figure 9-11 the six different iterations performed on
this tool by iterating the front corner geometry and by optimizing processing
parameters show constant tradeoff between having wrinkles and tearing in the
part. In the absence of FEA, by solely relying on physical trial the project team
wouldn't have quantitative data to clearly illustrate the effect of various
geometry and process changes. Therefore, without FEA, the team would have
had very difficult time to prove the design to be infeasible to manufacture. The
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ideal solution in this case with this critical geometry was to change the bill of
material with sufficient formability.
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Figure 9-11 Project 3: Summary of FEA iterations
9.6.4. Project 4 - Small pickup truck
Key learning from this project is the evaluation of alternative Bill of Material at
the early stage. Based on the experience from the previous project, one of the
early iteration was performed with alternate material which showed better
formability of the product with reduced or no risk to wrinkles as shown in
Figure 9-12.
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Figure 9-12 Effect of changing bill of material
The second key learning from this project is the flexibility in FEA to account for
perceived variability in the process. In this case, a change in radius in one of the
corners of moon roof geometry was desired. Since the change in geometry was
suspected to be counterproductive to formability, FEA was performed on the
baseline geometry and the geometry with the proposed radius change. The FEA
for both instances showed about the risk for creases. This result indicated that
potential source for increased risk from geometry change could come from
variability associated with the material and its formability. Therefore, the post
processing

was

performed

by

slightly

modifying

the

wrinkle

criteria,

corresponding to a 10% reduction in formability of the material. This variability
was deemed appropriate based on historic material difference between lots. With
this reduction both baseline and geometry change showed risk for wrinkles as
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summarized in Figure 9-13. However, geometry with radius change showed
higher risk than the baseline geometry, proving the engineering intuition.
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Figure 9-13 Sensitivity change in FEA to prove engineering intuition
9.6.5. Project 5 - Full size SUV
Highlight of using FEA in this project is helping to understand variability in
process mechanisms. Specifically, the effect of material stretching mechanism
was evaluated. The ideal function of the material stretching mechanism is to
completely lock and arrest any material movement. This is accomplished by
increasing the roughness of the two surfaces that come and contact the material.
When the baseline FEA was performed, the rear corner of the part was identified
to have risk for wrinkles. The wrinkle risk was predicted unchanged when the
FEA was performed again with a modified geometry. These results are
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summarized in Figure 9-14. This issue was predicted to be closer to the edge of
the part where the material tensioning mechanism is expected to have maximum
efficiency. Therefore, prediction of wrinkle, even with modified geometry, in an
area of maximum efficiency of the material tensioning mechanism clearly
narrowed down the brainstorm process to question the efficiency of the material
tensioning system itself. Therefore, a third iteration was performed in which
amount of material allowed to slip through the material tensioning mechanism
was significantly reduced. This increase in efficiency translated to further
increase in tension on the material, leading to reduction and elimination of
wrinkle.

Original

Modified

Modified geometry
No material slippage in FEA

Figure 9-14 FEA to predict changes in process mechanism
Another key milestone achieved with this analysis is to debug process related
issues. The thermoforming equipment is ill fitted with temperature measurement
instruments. Due to this drawback, not heating the material to proper
temperature was a potential root cause of defects. In order to prove that the
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material is not heated to right forming temperature, iFEA was performed at
optimal (180°C) and suboptimal (170"C) temperatures. The formability plots
shown in highlights increase in risk for wrinkles when formed a lower
temperature. This data was used as a foundation to implement an equipment
upgrade in order to fine tune the temperature control mechanism.
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Figure 9-15 iFEA used to debug temperature related process issue
9.7. A pragmatic approach for wider application
In order to reap the full benefits of iFEA framework, a disciplined approach by
product engineering, manufacturing engineering, design engineering and FEA
analyst is essential. Such a diverse cross-functional disciplined approach can be
feasibly achieved only with a committed top management as a key sponsor.
Therefore, iFEA as a "source of information" in a development process is
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presented in this section. Using the approach in this section, business justification
for iFEA can be deduced for new applications.
Decision tree method can be used in order to determine the value of
information an iFEA analysis provides. The advantage of the decision tree in
product development environment can also help the organization overcome
confirmation biases, overconfidence within entrepreneurial engineers and
hindsight biases. The process also provides a platform for the organization to
understand its real risk-reward tradeoff.
This section applies the decision tree approach to headliner forming
process to
i) illustrate conventional design process from a rational decision maker's
perspective
ii) manifest the tremendous value added by a proactive iFEA
iii) deduce the minimum correlation or predictability to be achieved by
iFEA.
9.8. Decision tree model of a conventional headliner development
A decision tree analysis provides a pictorial way of mapping relationship
between decisions to be made, available alternates, outcome generated by
alternates and uncertainties associated with the outcomes. A baseline decision
tree model for a conventional headliner development process is provided in
Figure 9-16.
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First node in the decision tree indicates the uncertainty faced by the team
at the inception of the project: will current set of engineering parameters yield a
good or a bad part on the first go? In the history of thermoforming of more than
20 programs, only 1 design with less or no complexity was formed without
issues, with relatively minor tweaks to the process. Given this past precedence of
trial based success, likelihood of good part on the first go is estimated to be only
5%. The baseline cost, if no additional development requires is 50$ per part
through the production stage of the product lifecycle.
The uncertainty associated with a bad part forces the team to generate
countermeasures. In headliners, broad categories of three alternatives are to
change geometry, material or the process. In most cases, it will be possible to
change any combination of these three parameters simultaneously. However, for
the simplicity of our discussion, we consider changing only one category at a
time, sequentially.
Changing geometry: The trend in headliner design requirement is to
incorporate deeper, steeper and tighter features into the geometry. Any change
in geometry requires a set of internal meetings to solidify the request and
another set of meetings externally with OEM customers to negotiate design
changes. The total cost associate with this change is estimated to be about 25,000$
When this cost is amortized over a production volume of 100,000 units,
increment cost is 0.25$/part and total cost increases to 50.25$ when a good part is
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obtained after a design change. In addition to tangible engineering costs,
propagation of negative goodwill with OEM customers far outweighs its relative
low cost solution and it is harder to quantify. Based on the history of data
collected from the conventional process, the likelihood of obtaining a good part
is estimated to be about 45%. While 50% likelihood indicates a pure chance effect
of a coin toss, the 45% likelihood indicates severe shortfall in knowledge base
available to make design change recommendations. This value is determined by
the success rate of existing design guidelines. The existing design guideline was
accurate only about 50% of the time, misleading in another 50% of the instances
in the past program.
Changing material: Selection of a particular composite vastly influences
formability of a given design under the optimal processing conditions. With
exception of luxury, high quality material such as suede or leather layers in the
composite, cost of the bill of material significantly increases with the increase in
formability of the material. Direct cost increase to the best available material is
estimated to be about 4$/part. The corresponding likelihood of obtaining a good
product is estimated to be about 80%, based on extensive material try-outs
involved in screening a BOM.
Changing process: This is one of the procedurally feasible of all the three
alternatives. Since development is trial based, very little knowledge is gained on
relationship

between

root

causes

of process
172

failures

to

manufacturing

parameters. Therefore, multiple trials are held by optimizing tool design, process
parameters such as speed and temperature to make incremental improvements
to a bad part. The total cost to conduct an extensive process change exercise for a
given design and material is estimated to be about 70,000$. When amortized over
100K parts, incremental cost is 0.7$/part and total cost changes to 50.7$/part if a
good product is obtained. Based on trial history of more than 10 different process
configurations, likelihood that a process change alone could yield a good product
at first stage is estimated to be about 55%.
Developing good and bad probabilities for each alternate and associated
payoff completes the first stage of development process in the decision tree
shown in Figure 9-16. The second stage is developed by understanding decision
to be made when a bad outcome is encountered. For our discussion purpose, we
consider a material change and process change are the only two alternates when
we decide to change geometry during first stage. In reality, subsequent geometry
changes are also possible. With this approach, tree is developed for all the three
first stage alternates to generate outcomes for second stage.
The tree is subsequently developed to the third stage based on a bad
outcome from stage 2. For our discussion purpose, a bad outcome in stage 3 will
be a worst possible outcome, in which development lead time is totally
exhausted and the options are to either have a very high scrap rate in production
and/or high pressure negotiations with customer with significant business
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backlash for not delivering promised quality content. To be conservative, only
scrap issue is considered at a rate of 30%. Thus, incremental cost is about 21$
from baseline cost, without including stage 1 and 2 costs. The decision tree in
Figure 9-16 however, incorporates appropriate cost history.
Once the pay off and uncertainties for various outcomes are mapped,
expected value of each decision during each stage can be calculated as shown in
the decision tree. A rational product development team should seek to minimize
the expected total cost for the part. Therefore, when faced with three alternates in
stage 1, the team should choose to change the process since it has lowest
expected value of 52.03$ compared to other two alternates. During stage 2, team
should change the geometry as it has a low expected value of 53.6$ compared to
changing material during stage 2. In stage 3, changing the material as a last resort
will yield lowest expected cost of 51.6$/ part.

174

Life cycle cost:
Bad
20%

EV=59.1$

BadAMaterial
45%

EV=54.64$

AProcess

-80%
RmH
Good

- Q

75.9$/part

D

54.9$/part
K

W

_GoS!l_Q

50 g$/par(

55%
EV=64.4

BadAProcess
20%

EV=54.6$
EV=56.3$

AMaterial

Bad
55%
Change
Geometry

L

Bad
45%

EV=64.4$

-CH

BadAProcess
55%

AGeometry

Good

Bad

EV=62.9$

BadAGeometry
45%

\
EV=58.3$

O
Change
Material

AProcess

AGeometry

w

,->.
Q58.7$/part

Q

54

7$/part

54$/part

BadAMaterial
55%
G o o d — Q 50,9$/part

45%

20%

Bad

EV=66.5$

55%
45%
Good

BadAGeometry

EV=53.65$

Change
Process

—(")54.9$/part

...Good—Q
.Good

Ev£t

EV=51.92$ (

p=5%

075.9$/part

80%

95%

Good

_453&

55%

LEV=58.39$
-b

EV=54.88$

Bad

50.25$/part

45%

EV=59.8$

-d-

Q

-Good—Q54.2$/part

-Q

20%

C)54.9$/Part

Good

EV=52.66$

EV=52.03$

Good

- S a « ! _ _ Q 54.2$/part

45%

Bad

~
O 75-9S/part

55%

80%

- A -

Bad
"45%

^Material

Good

80%

EV=57.06$

N

55%

EV=52.03$

-

G Q Q d

O

75'9$/Part

- o

54.9$/part

U

54.7$/part

—O

50.7$/part
50$/part

Figure 9-16 Decision tree for conventional headliner development
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9.9. Determining "value of information" generated by iFEA
What's the value of information generated by iFEA iteration? What should
be the maximum cost for each iteration of iFEA activity? These crucial questions
can be answered with decision tree approach. For example, when faced with
three alternates to change the geometry, material or process, when want to
evaluate the feasibility of changing process. We can conduct an iFEA study by
optimizing various process parameters holding material and geometry as
constant. The results from this analysis can be a prediction of either good or bad
outcome.
If an iFEA can unambiguously resolve this uncertainty, using standard
decision tree approach, the outcomes and expected values of new tree with
added information from iFEA can be generated as shown in Figure 9-17. The new
tree has an expected value for the cost of $51.5 compared to baseline cost of
$51.92 without iFEA. Therefore, for 100K parts, savings will be a total of $42,000.
This is the maximum amount we can spend on conducting an iFEA iteration to
resolve the uncertainty around changing process.
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Figure 9-17 Value of information by iFEA
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9.10. Determining "level of predictability" desired by iFEA
The quality of decision made from an iFEA result largely depends on its
predictability. iFEA can mislead in two ways: results can be either false positive
or a false negative.
False positive (or Type I error, a error) is the proportion of prediction by
iFEA to be good parts while the actual part was bad to the total number of bad
parts from all iFEA analysis.
False negative (or Type II error, p error) is the proportion of prediction by
iFEA to be bad while the actual part was good to the total number of good parts
from all iFEA analysis.
Understanding type I & II errors is crucial to determine to what extend we
should invest in developing predictability of iFEA. To objectively reach a
conclusion, the decision tree in Figure 9-17 is configured to include false +ve and
false -ve error rates. A sensitivity analysis was conducted by changing these
error rates from 0 to 100%. Net savings by iFEA as a result of various error rate is
calculated. The relationship between the error rates and savings by iFEA is
shown in Figure 9-18.
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Figure 9-18 Savings vs. predictability by iFEA

From this plot, we can observe maximum false +ve rate we can tolerate
iFEA is about 20%, beyond which iFEA leads inconclusive evidences. A false -ve
rate, however is not as restrictive as a false positive. Depending on the level of
risk individual team wants to assume, this technique can be used to deduce the
optimal predictability target for iFEA to optimize all technical and business
objectives.
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CHAPTER 10
CONCLUSIONS AND FUTURE WORK
10.1. Conclusions
An iFEA framework was successfully developed to proactively utilize predictive
FEA analysis. This framework was successfully validated in the product
development process of thermoforming headliners. Projects which utilized iFEA
framework had an average total development cost of around $201K compared to
$958K for projects using traditional trial and error method. In order achieve this
result, successful development was made in this dissertation along at least three
phases:
•

A hot stretch test and an inverse engineering method were developed to

characterize a wide array of composite sheet material. This method yielded very
high quality stress-strain relationship for the material for use in forming analysis.
In 46 cases used to verify this method, all of them had a correlation of more than
99% with corresponding actual test data. This ensures the robustness of the
material characterization method.
•

A predictive FEA was developed to successfully simulate thermoforming

headliners. The strain based correlation between predicted values from FEA and
actual measurement from the parts showed a correlation of 82% and 86% for two
cases and a correlation of more than 90% in 19 out of 21 test cases.
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•

A virtual DOE method was successfully devised to aid explicit knowledge

codification for headliner thermoforming. The virtual DOE method analyzed
more than 350 combinations of 9 variables and yielded more than 20000 data
points. From this database, knowledge rules were derived to for all the four
categories of codification such as abstraction, structuring, prescribing and
embedding. Guidelines on best practice use of iFEA framework for knowledge
detection, assessment and transfer were developed.
•

The development of iFEA framework for a particular application is very

intensive in both time and cost. In order to justify a development of this
magnitude, a pragmatic approach was illustrated where the value of information
provided by the iFEA and its desired level of accuracy is deduced through a
decision tree approach.
10.2. Future work
Extension of work done in this dissertation can be expected to continue along 3
main categories:
•

Enhancement to current work in knowledge codification, by utilizing

advanced data mining approaches to extract second order insights from the
existing database.
•

Enhancement to thermoforming composite sheet material by virtually

developing new materials and processes
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•

Extension of iFEA to new challenging and interesting fields ranging from

other advanced manufacturing processes such as mold-behind to other
engineering applications such as occupant safety or product durability.
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Appendix A: The thermoforming process
Typical thermoforming manufacturing cell
Trim Station
(Laser or Water jet)

Typical processing conditions
Heating time

40 - 80 seconds

Forming temperature

190°C - 205°C

Press time

20-40 seconds

Forming pressure

< 0.33 bars

IR oven wavelength

Medium: 2 to 4 pm

Pictures of important components of manufacturing cell

A view into the oven

The double action forming press
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A view into the forming press

Typical thermoforming process flow
Fabric
Certification

Board
Certification

Raw Material:
Material Not Damaged
Fabric Length
Fabric Shade
Fabric Type
Fabric Width

Raw Material:
Board GSM
Board Length
Board Type
Board Width
Material Not Damaged

[storage Location
I Time in Storage

Storage Location
Time in Storage

1
r

RAW-4
Fabric
Storage

Correct Material
Material Not Damaged

I Correct Material
I Material Not Damaged

e^OdsoEBs?

Inputs:
Raw Boards
Raw Fabric
' Operator interface
Outputs:
Fabric/Board Loose Compos ite

SB

Requirements:
Board Orientation
Fabric Alignment

PRE-2
Transfe r Composite to
Prelam

Requirements:
Fabric Alignment
Composite Position

Requirements:
Fabric Alignment
Fabric Adhesion

tasks'
K£S5SHS©S§8£5§
soe^fixife asgjsag

PRE-4
Rotate Com posit® 180
Requirements:
Fabric Alignment
Composite Position

1331=©

Requirements:
Fabric Alignment
Fabric Adhesion
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Inputs:
Loose Composite
Heat
Time
Pressure
Operator interface
Outputs:
Bonded Composite (2-sides)

Inputs:
Semi-Loose Composite
Heat
Time
Pressure
Operator Interface
Outputs:
Bonded Composite (4-sides)

PRO-4
Index Pre-Heated
Composite Into 2nd Ouen
Requirements:
Index Setpoint
Oven Center Offset Setpdrt
Press Infeed Offset Setpdrt

Requirements;

Inputs:
Cold Composie
Radiant Heat
Time
Outputs:
Fully-Heated Composie

Lower Oven Temperature
Lower Oven Rate Setpdrt
Upper OvenTemperature
Upper Oven Rate Setpoirt
Actual Board Core Temperature
All Bulbs "Ort'

PRO-6
Index Heated Composite into
Form Tool
Requirements:
Index Setpoint
Press Infeed Offset Setpdrt
Press Outfeed Offset Setpdrt
Requirements:
Press Outfeed Offset setpdrt
Form Dwell Setpoint
Form Cycle Begin Setpoint
Upper Platten Form Position
Lower Platten Form Position
Tool Temperature
Chiller Setpoint
Tool Cavity Gap
Part Tension
Tool Close Position

PRO-IO
Part Transferred to
Waterjet
Requirements:
Headliner Orientation

Fully Heated Part
Outputs:
Cooled, Formed Part
PRO-8
Part Ejected Onto
Autoloader
Requirements:
Index Setpoint
Press Outfeed Offset Setpdrt

Requirements:
Autoloader Rotator Position
Headliner Orientation

PRO-9
Part Rotated on
Autoloader
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Inputs:
Pressure
Fore/Aft Part
Outputs:
Rotated part

Inputs:
Mislocated Part
Operator Interface
Outputs:
Properly Located Part

Inputs:
Untrimmed Headliner
High Pressure Water
Outputs:
Trimmed Headliner

Requirements:
Vacuum System
PaitTrimline
Buck to Cell Orientation
Cycle Complete

INSP-1
Unload Parttothe
Slug Bin
Requirements:
Part Handling

Requirements:
All Slugs Removed
Appearance

Trimmed Part with Off-All
Operator Interface
Output:
Finished Part

Inputs: Empty Rack
Operator Interface
Output: Property
Packaged Part

Requirements:
Correct Rack Desgn
Part Quantity
Proper Labeling

Requirements:
Appearance
Part Quantity
Proper Labeling

Psoras M^teo)

Requirements:
Storage Location
Part Damage
Discoloration
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Inputs: Finished
Rack Operator
Interface Outputs:
Audited Rack

Appendix B: Hot stretch test correlation data
Case 1: PP Glass Matrix @ 50C
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Case 3: PP Glass Matrix @ 90C
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Case 9: Kenaf matrix @ 50C
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Case 12: Kenaf matrix @ 100C
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Case 15: Kenaf matrix @ 145C
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Case 21: Non-woven @ 50C
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Case 24: Knit material @ 50C
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Case 30: PP Glass matrix + PVC @ 135C
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Case 30: PP Glass matrix + PVC @ 135C
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Case 34: Kenaf matrix + PVC @ 135C
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Case 36: PP glass matrix + non-woven @ 70C
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Case 39: Kenaf matrix + Non-woven @ 70C
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Appendix C: Sample FEA model

*KEYWORD 200000000
*TITLE
*CONTROL_TERMINATION
$
ENDTIM
50
*CONTROL_TIMESTEP
$
DTINIT
TSSFAC
0.0
0.0
$
*CONTROL_HOURGLASS
$
IHQ
QH
4
0.100
$
*CONTROL_SHELL
$
WRPANG
ITRIST

ISDO

0

IRNXX

2

-1

$
*CONTROL_CONTACT
$
SLSFAC
RWPNAL

ISLCHK

20.000

USRSTR

0

USRFAC

0

-0.001

ISTUPD

THEORY

BWC

2

2

1

PENOPT
4
XPENEN

THKCHG
2

ORIEN
3

1

SHLTHK

1

NSBCS

INTERM

0

DT2MS

0.0

2

0.010

$

TSLIMT

0

MITER

0.0

$
$
* DATABASE_RCFORC
$
dt

1

*DATABASE_binary_d3plot
$
dt
25
* DATABASE_HISTORY_NODE
7523,6077
* DATABASE_NODOUT
$
dt
1.666667
*DATABASE_EXTENT_BINARY
$
neiph
neips
maxint
engflg

0
$

strflg

sigflg

epsflg

rltflg

0

0

0

1

0

0

0

cmpflg

ieverp

beamip

dcomp

shge

stssz

n3thdt

0

0

0

0

$
*INTERFACE_SPRINGBACK_DYNA3D
$
psid
6

* S E T_PART_L1ST
6
1
2
$

3

4
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0

0

0

$ sheet
*MAT_RATE_SENSITIVE-POWERLAW_PLASTICITY
1
76.7e-9
1.1
0.3,0.000695, 0.50000

1

0.001

$ tool
*MAT_RIGID
2

7.85e-6

210

0.3

$ binder and die
*MAT_RIGID
3
7.85e-6
1
7

210
7

0.3

1
4
7
0.0000000 0.0000000 0.0000000 0.0000000 0. 0000000 0.0000000 0.0000000
0.0000000

0.0000000 0.0000000 0.0000000 0.0000000 0. 0000000 0.0000000 0.0000000
0.0000000
*SECTION_SHELL
$
SECID
ELFORM

SHRF

2

0.0000000

*part_move
1,0, 0,0.65
2,0,0,-0.65
3,0,0,-0.65
*SECTION_SHELL
$
SECID
ELFORM

SHRF

NIP

PROPT

2 0.0000000

1.0000000

0 ,0000000
0 ,0000000

0.0000000

NIP
QR/IRID
PROPT
3 0. 0000000 0.0000000

ICOMP

QR/IRID

ICOMP

0

2.5
$

2

1.0000000 1.0000000 1.0000000 1.0000000

0

$

*PART
sheet
$

PID

SID

MID

EOSID

HGID

GRAV

ADPOPT

4

1

1

0

0

0

0

PID

SID

MID

EOSID

HGID

GRAV

ADPOPT

2

3

0

0

0

0

SID

MID

EOSID

HGID

GRAV

ADPOPT

2

2

0

0

0

0

SID

MID

EOSID

HGID

GRAV

ADPOPT

2

3

0

0

0

0

TMID

0

*PART
die
$
TMID

0
*PART
punch
$

PID

TMID
$

0

*PART
binder
$
PID
TMID
2
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$punch motion
* BOUNDARY_P RESCRIBED_MOTION_RIGID
dir
vad
$
pid
3
0
3
$
*DEFINE_CURVE

lcid
2

scale

1.00

2

punch disp

time

$

0.0

0.0
0.02

-0.3
-0.3
-0.3

100.0
100.1
$ sheet vs die
$

*CONTACT_FORMING_ONE_WAY_SURFACE_TO_SURFACE
sboxid
msid
sstyp
mstyp
ssid
$
mpr
0
1
3
3
4

0
$

fd

fs

vc

dc

vdc

dt

0.00000,

0.0

0.0

20.0

0.0

mboxid

spr

0

0

penchk

bt

0

0.0

0.0

$
vsf

sf s

sfm

sst

mst

sf St

0.0

0.0

0.0

0.0

0.0

sfmt

f sf

0.0

0.0

mboxid

spr

0

0

penchk

bt

0.0
$disable the shooting node logic

1

$
$
$ sheet vs punch
$
*CONTACT FORMING ONE WAY_SURFACE_TO_SURFACE
sboxid
sstyp
mstyp
ssid
msid
$
mpr
0
3
3
4
3

0
$

fs

fd

dc

vc

vdc

dt

0.00000,

0.0
$
vsf

0.0

0.0

20.0

0.0

0

sf s

sfm

sst

mst

sf st

sfmt

0.0

0.0

0.0

0.0

0.0

0.0

0.0
$disable the shooting node logic

1

$
$
$ sheet vs binder
$
*CONTACT_FORMING_ONE_WAY_SURFACE_TO_SURFACE
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0.0

f sf
0.0

$

mpr

ssid

msid

sstyp

mstyp

sboxid

mboxid

spr

4

2

3

3

0

0

0

fs

fd

dc

vc

vdc

penchk

bt

0
$
dt

0.00000,

0.0

0.0

0.0

0.0

$
vsf

0

20.0

0.0

sfs

sfm

sst

mst

sfst

sfmt

fsf

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

$disable the shooting node logic

$
*NODE
1
2
3
4
5

49.21
49.022741093094
49.072401912969
49.259850516139
49.259850516139

5.121104901E-15
4.2889341006122
4.2932788593726
1.047910646E-15
2 .163797850E-15

-3.331999999999

-3.337999999999
-2.959347737015
-2.959347737015
-2.959347737015

***** TRUNCATED ****
7775
7776
7777
7778
7779
7780
*ELEMENT SHELL
1
1
2
1
1
3
4
1
1
5

-93.032
-93.032
-93.032
-93.032
-93.032
-93.032
1754
2035
2032
2029
1790

1753
2053
2041
2042
2038
* * *

***** TRUNCATED
4
6295
4
6296
6297
4
4
6298
4
6299
4
6300
4
6301
$
*BOUNDARY_SPC_NODE
$HMNAME LOADCOLS
$HMCOLOR LOADCOLS
6386

-6.496538461535
-32.48269230768
-71.46192307692
-58.46884615383
-84.455
-93.032
2070
2044
2045
2028
1791

2070
2044
2045
2028
1791

7510
7521
7522
7513
7512
7520
7514

7339
7522
7343
7512
7342
7521
7513

*

7518
7513
7512
7516
7515
7514
7517

7338
7512
7342
7515
7341
7513
7516

.878
,878
.878
.878
.878
,878

2autol
2

210

1
1
1

1

1

6385

0

1

7093

0

1

1

1

1

1

7382

0

1

1

1

1

1

* * * * * TRUNCATED ****
7517

0

1

1

1

7519

0

1

1

1

7520

0

1

1

1

7523

0

1

1

1

1
1
1
1
*END
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Appendix D: Selected statistical analysis output
Estimated Effects and Coefficients for Minor (coded units)
Term
Constant
plan radius
draft angle
waterfall radius
in out radius
Material
Blank size
Edge constrain
Friction
Depth
plan radius*draft angle
plan radius*waterfall radius
plan radius*in out radius
plan radius*Material
plan radius*Blank size
plan radius*Edge constrain
plan radius*Friction
plan radius*Depth
draft angle*waterfall radius
draft angle*in out radius
draft angle*Material
draft angle*Blank size
draft angle*Edge constrain
draft angle*Friction
draft angle*Depth
waterfall radius*in out radius
waterfall radius*Material
waterfall radius*Blank size
waterfall radius*Edge constrain
waterfall radius*Friction
waterfall radius*Depth
in out radius*Material
in out radius*Blank size
in out radius*Edge constrain
in out radius*Friction
in out radius*Depth
Material*Blank size
Material*Edge constrain
Material*Friction
Material*Depth
Blank size*Edge constrain
Blank size*Friction
Blank size*Depth
Edge constrain*Friction
Edge constrain*Depth
Friction*Depth

S = 0.0687329
R-Sq = 59.05%

Coef
-0 .07836
-0 .02595 -0 .01298
0 .02336
0 .01168
-0 .00504 -0 .00252
0 .03052
0 .01526
-0 .04906 -0 .02453
0 .00321
0 .00160
0 .09575
0 .04787
0 .00799
0 .00399
-0 .08772 -0 .04386
-0 .00917 -0 .00458
0 .01275
0,.00638
-0 .01221 -0,.00611
0 .03490
0,.01745
0 . 00223
0..00112
0 .04881
0 .02440
-0 .00409 -0..00205
-0 .02680 -0,.01340
0 .00062
0..00031
0 .00576
0..00288
0 .00987
0,.00494
-0 .00442 -0.,00221
-0 .02233 -0,.01116
-0 .00393 -0..00196
0 .00624
0,.00312
-0 .00600 -0.,00300
-0 .00762 -0.,00381
0 .00075
0..00037
0 .01468
0..00734
-0 .00187 -0..00094
-0 .02002 -0.,01001
0 .00811
0.,00405
0,.00385
0..00192
-0,.01131 -0.,00565
-0,.00286 -0.,00143
0,.00805
0.,00402
-0..00571 -0.,00285
-0,.02343 -0.,01172
-0,.00200 -0.,00100
-0..03348 -0. 01674
-0..01676 -0. 00838
-0..00317 -0. 00159
0..00614
0. 00307
-0..00546 -0. 00273
0..07943
0. 03972
0..00490
0. 00245

PRESS = 96.4742
R-Sq(pred) = 58.86%

Effect

SE Coef
T
0 .000538 -145 .68
0 .000515
-25 .20
21 . 72
0 . 000538
-4 .57
0 . 000551
0 .000524
29 .11
0 .000505
-48 .62
0 .000504
3 .18
0 .000629
76 .16
7 .92
0 .000504
0 .000624
-70 .28
0 .000535
-8 . 57
0 .000546
11,.68
0 .000506
-12,.06
0 .000486
35,.93
0 .000485
2,.30
0 .000603
40,. 47
0 .000485
-4,.22
-22,.14
0 .000605
0 .000549
0,,57
0 .000552
5,.22
0 .000510
9..68
0 .000510
-4..34
-17,,58
0 .000635
0 .000509
-3..86
4,.97
0 .000628
0,.000543
-5.,52
-7.,30
0 .000522
0 .000521
0., 72
0 .000653
11., 24
0 .000521
-1.,80
0 .000641
-15.,63
0 .000490
8.,27
0,.000490
3. 93
0,.000607
-9. 31
0,.000490
-2.,92
0,.000609
6.,60
0,.000482
-5..92
0,.000599
-19.,56
0,.000482
-2..07
-27. 88
0,.000600
0,,000598
-14. 01
0..000482
-3. 29
0..000600
5. 12
0..000598
-4. 57
0..000746
53. 22
4. 08
0..000600

R-Sq(adj) = 58.95%
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p
0 .000
0 .000
0 .000
0 .000
0 .000
0 .000
0 .001
0 .000
0 .000
0 .000
0 .000
0 .000
0 .000
0 .000
0 .022
0 .000
0 .000
0 .000
0,.571
0,.000
0,.000
0,.000
0,.000
0,.000
0,.000
0,.000
0..000
0,.473
0,,000
0,,072
0..000
0..000
0.,000
0.,000
0.,003
0.,000
0.,000
0.,000
0.,038
0. 000
0. 000
0. 001
0. 000
0. 000
0. 000
0. 000

Analysis of Variance for Minor (coded units)
Source
Main Effects
2-Way Interactions
Residual Error
Lack of Fit
Pure Error
Total

DF
9
36
20330
1012
19318
20375

Seq SS
90,,57
47 .90
,
96,.04
63,.96
32,.08
234.,51

Adj SS
72,.69
47 .90
,
96 .04
,
63,.96
32,.08

Adj MS
8.07672
1.33042
0.00472
0.06320
0.00166

F
1709..64
281..62

P
0,,000
0..000

38..05

0.,000

Estimated Coefficients for Minor using data in uncoded units
Term
Constant
plan radius
draft angle
waterfall radius
in out radius
Material
Blank size
Edge constrain
Friction
Depth
plan radius*draft angle
plan radius*waterfall radius
plan radius*in out radius
plan radius*Material
plan radius*Blank size
plan radius*Edge constrain
plan radius*Friction
plan radius*Depth
draft angle*waterfall radius
draft angle*in out radius
draft angle*Material
draft angle*Blank size
draft angle*Edge constrain
draft angle*Friction
draft angle*Depth
waterfall radius*in out radius
waterfall radius*Material
waterfall radius*Blank size
waterfall radius*Edge constrain
waterfall radius*Friction
waterfall radius*Depth
in out radius*Material
in out radius*Blank size
in out radius*Edge constrain
in out radius*Friction
in out radius*Depth
Material*Blank size
Material*Edge constrain
Material*Friction
Material*Depth
Blank size*Edge constrain
Blank size*Friction
Blank size*Depth
Edge constrain*Friction
Edge constrain*Depth
Friction*Depth

Coef
0.044263
- 0.00414285
0.00362088
0.00016858
- 0.00560669
-9 .31507E-04
0.00117445
0.0998225
0 .471221
0.00127468
-7 .33363E-05
6 . 00014E-05
-5 .74709E-05
9 .30761E-06
1 .78593E-06
0 .000976134
- 0.00109177
-5 . 35985E-05
7 . 30985E-06
6 . 77336E-05
6 .58051E-06
-8 . 84527E-06
- 0.00111628
- 0.00261972
3 . 11876E-05
-4 . 15165E-05
-2 . 98872E-06
8 . 80879E-07
0 .000431830
-7 . 34833E-04
-5 .88888E-05
3 . 17947E-06
4 . 52859E-06
-3 . 32565E-04
0.00112171
2 . 36702E-05
-3 .80391E-07
-3 .90573E-05
-4 . 43694E-05
-5 . 57980E-06
-8 .37984E-05
-2 . 11482E-04
3 . 07095E-06
—0.00910336
i
0 .000992910
0 .000817028
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Predicted Response for New Design Points Using Model for Minor
Point
1
2
3
4
5
6
7
8
9
10

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

Fit
05817
05817
05817
05817
05817
05817
05817
05817
05817
05817

SE Fit
0 .00237
0 .00237
0 .00237
0 .00237
0 .00237
0 .00237
0 .00237
0 .00237
0 .00237
0 .00237

100
101
102
103
104
105
106
107
108
109
110

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

10652
10652
10652
10652
10652
10652
10652
10652
10652
10652
10652

0 .00187
0 .00187
0 .00187
0 .00187
0 .00187
0 .00187
0 .00187
0 .00187
0 .00187
0 .00187
0 .00187

120
121
122
123
124
125
126
127
128
129

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

17024
17024
17024
17024
17024
17024
17024
17024
17024
17024

0 .00241
0 .00241
0 .00241
0 .00241
0 .00241
0 .00241
0 .00241
0 .00241
0 .00241
0 .00241

700
701
702
703
704
705
706
707
708
709
710

0
0
0
0
0
0
0
0
0
0
0

02319
02319
02319
02319
02319
02319
02319
02319
02319
02319
02319

0 .00229
0 .00229
0 .00229
0 .00229
0 .00229
0 .00229
0 .00229
0 .00229
0 .00229
0 .00229
0 .00229

1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

09756
09756
09756
09756
09756
09756
09756
09756
09756
09756
09756

0 .00232
0 .00232
0 .00232
0 .00232
0 .00232
0 .00232
0 .00232
0 .00232
0 .00232
0 .00232
0 .00232

95 i CI
(-0 06281 -0 05352
(-0.06281 -0 05352
(-0.06281 -0 05352
(-0.06281 -0 05352
(-0 06281 -0 05352
(-0 06281 -0 05352
(-0.06281 -0 05352
(-0.06281 -0 05352
(-0.06281 -0 05352
(-0.06281 -0 05352
* * * * *
Truncated
(-0.11019 -0 10284
(-0 11019 -0 10284
(-0.11019 -0 10284
(-0 11019 -0 10284
(-0 11019 -0 10284
(-0 11019 -0 10284
(-0 11019 -0 10284
(-0.11019 -0 10284
(-0.11019 -0 10284
(-0 11019 -0 10284
(-0 11019 -0 10284
* * * * *
Truncated
(-0.17496 -0 16551
(-0 17496 -0 16551
(-0 17496 -0 16551
(-0 17496 -0 16551
(-0 17496 -0 16551
(-0.17496 -0 16551
(-0.17496 -0 16551
(-0.17496 -0 16551
(-0.17496 -0 16551
(-0 17496 -0 16551
* * * * * Truncated
0 02767
( 0 01870
0 02767
( 0 01870
0 02767
( 0 01870
0 02767
( o 01870
0 02767
( o 01870
0 02767
( o 01870
0 02767
( 0 01870
0 02767
( 0 01870
0 02767
( o 01870
0 02767
( 0 01870
0 02767
( o 01870
* * * * *
Truncated
(-0 10210 -0 09301
(-0 10210 -0 09301
(-0 10210 -0 09301
(-0 10210 -0 09301
(-0 10210 -0 09301
(-0 10210 -0 09301
(-0 10210 -0 09301
(-0 10210 -0 09301
(-0 10210 -0 09301
(-0 10210 -0 09301
(-0 10210 -0 09301
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(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
* * *

95% PI
19297, 0 07663
19297, 0 07663
19297, 0 07663
19297, 0 07663
19297, 0 07663
19297, 0 07663
19297, 0 07663
19297, 0 07663
19297, 0 07663
19297, 0 07663

* *

(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0

24129,
24129,
24129,
24129,
24129,
24129,
24129,
24129,
24129,
24129,
24129,

0
0
0
0
0
0
0
0
0
0
0

02826
02826
02826
02826
02826
02826
02826
02826
02826
02826
02826

30504,
30504,
30504,
30504,
30504,
30504,
30504,
30504,
30504,
30504,

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

03543
03543
03543
03543
03543
03543
03543
03543
03543
03543

11161,
11161,
11161,
11161,
11161,
11161,
11161,
11161,
11161,
11161,
11161,

0
0
0
0
0
0
0
0
0
0
0

15798
15798
15798
15798
15798
15798
15798
15798
15798
15798
15798

23235,
23235,
23235,
23235,
23235,
23235,
23235,
23235,
23235,
23235,
23235,

0
0
0
0
0
0
0
0
0
0
0

03724
03724
03724
03724
03724
03724
03724
03724
03724
03724
03724

* * * * *

(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
* * * * *

(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
* * * * *

(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0

